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Preface

The publication in 2000 of Ecology of Cyanobacteria. Their Diversity in Time and Space aimed to
assemble some of the most important information on ecology in the same way as The Molecular
Ecology of Cyanobacteria edited by Donald Bryant had done in 1994 for other aspects of cyanobac-
teria. Malcolm Potts, who co-edited that volume, and I used the Preface to consider what would
happen in ecology during the coming years. The impact of molecular studies on ecological under-
standing and commercial developments seemed likely to be especially important and this is what
has happened. Many other discoveries of particular relevance for ecology have also been reported,
such as advances in understanding about cyanobacterial nitrogen fixation and phosphorus acquisi-
tion in the oceans, and about the roles of extracellular polymers in many types of environment.
A further book, The Cyanobacteria. Molecular Biology, Genomics and Evolution edited by Antonia
Herrero and Enrique Flores and published in 2008, assembled a great deal of information on the
non-ecological topics. It therefore seemed time for an entirely new book on ecology.

Ecology of Cyanobacteria I1. Their Diversity in Space and Time gives this ecological account.
Unfortunately, Malcolm Potts was too busy with projects and travel to join in the editing, although
he has co-authored three chapters. Although almost half the quoted references have been published
since the 2000 volume, all the authors provide a broad perspective on their subject and not just an
account of recent advances. Molecular data enter into every chapter. There is also a lot about
cyanobacterial biotechnology, but perhaps not quite as much as we thought there would be when
writing in 2000. In no other group of organisms is it possible to see so clearly how ecology, physi-
ology, biochemistry, ultrastructure and molecular biology interact. Hopefully this information can
be put to many more practical uses during the coming decade. I am still looking forward to the day
when a third title in the series is justified, Practical Uses and Problems of Cyanobacteria.

Some of the worries in 2000 still apply. The failure to consider older literature may not matter
in the case of molecular data, but in ecology it often does. There is much of interest in pre-1980
literature, and modern understanding about a topic often makes it possible to extract a lot more
from older accounts. A problem which seems to have become worse since 2000 is the tendency
for many researchers to depend entirely on reading the abstract, if they do consult old literature
at all. No doubt this is partly a matter of time, but the main reason is the ease with which most
abstracts of long past literature can be obtained using the Internet and the difficulty many researchers
have in accessing the full accounts in papers and books. However, the abstracts often omit the
very aspects which are of most interest nowadays. Perhaps someone will advise me what should
happen to the twenty or so thousand reprints of old papers in my garage.

A new worry is that Aldabra Atoll, about which the previous Preface enthused because of
the diversity of its cyanobacterial communities, has become a challenge for researchers to visit
due to the risk of hostage seizure in the Indian Ocean. Hopefully, some day soon it will again
become possible for cyanobacteriologists to study this paradise.
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Preface

My thanks to all the authors, and especially to those who allowed themselves to get involved
in vigorous discussion about scientific topics. It was therefore very sad to learn at a late stage
that Patrizia Albertano had died, particularly as she was corresponding about the proof just
six days before this without ever mentioning her illness. I also much appreciate the support of
Suzanne Mekking and Martine van Bezooijen at Springer and their enthusiasm for a new book
with plenty of colour figures and additional online material. It was yet another sad occasion
to learn in late February that Martine had died, but I am grateful to the other staff for helping
to keep publication on schedule.

Brian A. Whitton
April 2012
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Summary

Features of cyanobacteria are introduced for non-specialists
by highlighting topics in the various chapters. Aspects where
much more is known now than a decade ago are pointed out,
such as the importance of cyanobacterial nitrogen fixation in
the oceans. This is followed by an account of the recent
molecular studies most relevant for ecologists, especially
topics not mentioned elsewhere in the book. Several eco-
logical subjects of current interest are discussed, including
research which seems important, but has sometimes been
overlooked. Topics mentioned include sensing the environment
and other organisms and signalling between cyanobacterial
cells and between cyanobacteria and other organisms, and
methods for studying N and P. The authors air their views on
past and present matters concerning cyanobacterial taxonomy,
molecular biology and nomenclature. Finally, comments are
made on practical topics such as the use of cyanobacteria for
inoculating soils, barley straw to control blooms and the
likely contribution of cyanobacteria to developments in algal
biotechnology during the coming decade.

1.1 What Are Cyanobacteria?

The cyanobacteria are photosynthetic prokaryotes found in
most, though not all, types of illuminated environment. They
are also quantitatively among the most important organisms
on Earth. A conservative estimate of their global biomass
is 3x10™ g C or a thousand million tonnes (10" g) wet
biomass (Garcia-Pichel et al. 2003). They all synthesize
chlorophyll a and typically water is the electron donor
during photosynthesis, leading to the evolution of oxygen.
Most produce the phycobilin pigment, phycocyanin, which
gives the cells a bluish colour when present in sufficiently
high concentration, and is responsible for the popular name,
blue-green algae; in some cases the red accessory pigment,
phycoerythrin, is formed as well. A few genera, however,

B.A. Whitton (ed.), Ecology of Cyanobacteria II: Their Diversity in Space and Time, 1
DOI 10.1007/978-94-007-3855-3_1, © Springer Science+Business Media B.V. 2012
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produce neither, but form other accessory pigments. These
include some ecologically very important members of the
ocean plankton. Among these, Prochlorococcus was first
reported as recently as 1988 by Chisholm et al., but is now
realized to be of major importance in the oceans (Zwirglmaier
et al. 2007). The fact that such a significant organism could
be overlooked for so long should encourage readers to take a
critical approach to the present literature on cyanobacteria.
Zhang and Bryant (2011) did this for the notion that cyano-
bacteria have an incomplete tricarboxylic acid cycle, which
persisted in the literature for more than four decades and even
got into several prominent textbooks. In their account dis-
pelling this, they note how the misinterpretation of negative
results can have a powerful, long-lasting impact on a topic.

Although the cyanobacteria live in a diverse range of
environments, a number of features often contribute to their
success. The following short account indicates some of these,
but more detailed information can be found in the Introduction
by (Whitton and Potts in 2000) and the other chapters in the
present book. The temperature optimum for many or most
cyanobacteria is higher by at least several degrees than for
most eukaryotic algae (Castenholz and Waterbury 1989),
thus encouraging their success in warmer climates (Kosten
et al. 2012). Tolerance of desiccation and water stress is
widespread (Chaps. 12 and 18) and cyanobacteria are among
the most successful organisms in highly saline environments
(Chap. 15). Terrestrial forms often tolerate high levels of
ultra-violet irradiation (Chap. 19), whereas the success of
many planktonic forms is favoured by their ability to utilize
light for photosynthesis efficiently at low photon flux
densities (van Liere and Walsby 1982). Free sulphide is
tolerated by some species at much higher levels than by
most eukaryotic algae and H,S is sometimes utilized as
the electron donor during photosynthesis (Cohen et al.
1986). Photosynthetic CO, reduction can sometimes proceed
efficiently at very low concentrations of inorganic carbon
(Pierce and Omata 1988; Chap. 17). The ability to form gas
vacuoles in some common freshwater plankton species and
the marine Trichodesmium, and hence increase cell buoyancy,
is an asset where the rate of vertical mixing of the water
column is relatively low (Chaps. 6, 7 and 8).

The ability of many species to fix N, provides a com-
petitive advantage when combined N concentrations are low
(Chaps. 4 and 5). In most well-oxygenated terrestrial and
freshwater environments this takes place inside the heterocyst
(Wolk et al. 1994), a thick-walled cell often with a nodule of
cyanophyin, a polymer of two amino-acids, at one or both
ends of the cell. However, a number of cyanobacteria have
physiological strategies which permit them to fix N, under
well oxygenated conditions even without a heterocyst and
this becomes more widespread under micro-oxic conditions
(Chap. 4). This is of considerable importance in some eco-
systems such as wetland rice fields. Although heterocystous

B.A. Whitton and M. Potts

cyanobacteria are important in the Baltic Sea, where salinity
is much less than that of the oceans (typically about one-fifth),
oceanic N, fixation mostly occurs without heterocysts.
Because of the lack of heterocystous species it has only
recently been realized that cyanobacteria are the main N,
fixers in the oceans (Diez et al. 2008). In the filamentous
Trichodesmium and Katagnymene this occurs in specialized
cells called diazocytes (El-Shehawy et al. 2003), but it also
occurs in a globally distributed unicellular cyanobacterium
which does not form O, and can fix N, in the light (Zehr et al.
2008). Only a few unicellular cyanobacteria in the <1 pm
cell size fraction were found to lack nitrogenase genes
during a global survey of the oceans (Rusch et al. 2007).

There are many symbiotic associations which include
cyanobacteria (Chap. 23) and in the majority of cases it is the
ability of the cyanobacterium to fix N, and then transfer it to
the partner which is a key factor in the relationship. Some of
these symbiotic associations have a long geological record,
whereas others depend on frequent reinfection by a com-
patible strain of a particular cyanobacterium, usually Nostoc.
In some associations the cyanobacterium is intracellular and
this includes two marine planktonic diatoms which have a
heterocystous species (Chaps. 22, 23). However, the spher-
oid bodies inside another diatom, Rhopalodia gibba, are evo-
lutionarily related to the free-living unicells mentioned above
which fix N, but do not evolve O, (Bothe et al. 2011). Like
several other blue-green structures inside eukaryotic cells,
these are no longer capable of living independently.

Growth of cyanobacteria in many ecosystems is limited
by the availability of P and the importance of P as a nutrient
is considered in a number of chapters. Among various topics
in Chap. 5 itis explained which parts of the oceans are mostly
likely to be limited by N or by P and also the importance
of considering the ratio between the two. N and P sources
for picophytoplankton and their uptake are considered in
Chap. 8 and the influence of N:P ratio on the occurrence of
N,-fixers in freshwaters in Chap. 9. Only a few data are
available about what N and P concentrations are actually
experienced by subaerial algae and virtually nothing about
their periodicity (Chap. 10). However, Chap. 11 makes clear
the importance of the P supply for biological soil crusts in
semi-desert regions, which almost always include one or
more N -fixers. Chapter 22 explains the changes in N:P
supply during the growth cycle of Rivulariaceae and also
how differing periodicities in P supply in various environ-
ments influence the success of particular genera and species.
Although Chap. 23 focuses on the transfer of fixed N to the
cyanobacterial partner in symbiotic associations, P transfer
the other way is sometimes also important.

It has long been recognized that cyanobacteria in fresh-
waters and soils tend to be much more diverse and abundant at
higher pH values. There are, however, a considerable number
of records at lower pH values. For instance, heterocystous
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forms (Hapalosiphon and/or Tolypothrix) are frequent in
small pools at pH 4.1-4.5 in Sphagnum-dominated regions
of the Flow Country in N-E. Scotland (B.A.W., unpublished
data). In general, heterocystous species seem to be the
ones most successful at low pH values, so perhaps they can
only compete effectively with eukaryotes in situations where
nitrogen fixation gives a clear advantage. However, Steinberg
et al. (1998) found populations of two filamentous
cyanobacteria (Oscillatoria/Limnothrix and Spirulina spp.)
at pH 2.9 in Lichtenuaer See, Lusatia, Germany; eukaryotic
algae were almost absent at the time. The authors failed to
find planktonic picocyanobacteria anywhere below pH 4.5.
This is one of several reports of lakes in lignite-mining areas
in Germany and Poland with pH values below 3.0, which
mention narrow Oscillatoriaceae in their species lists, pre-
sumably based on preserved samples. Lyngbya ochracea, for
instance, is listed by Koproskowa (1995). As some of the
reports make only a brief mention of the cyanobacteria, more
detailed studies are needed to confirm them.

Interactions with limestone are a feature of some cyano-
bacteria. One of the more intriguing aspects is the capacity of
some strains (euendoliths) to bore directly into the carbonate
substrate. Inhibition assays and gene expression analyses with
Mastigocoleus BCOO8 showed that in the dissolution process
the uptake and transport of Ca*" is driven by P-type Ca?
ATPases (Garcia-Pichel et al. 2010), a sophisticated mechanism
unparalleled among bacteria. Much remains to be discovered
about the extent to which nutrients are acquired by endolithic
Stigonematales like Brachytrichia and Mastigocoleus from the
surrounding rock or the outside environment (Sect. 10.3.2).

Chapter 21 describes how cyanophage are among the
most abundant biological entities on the planet and how they
influence community structure and biogeochemical cycling.
Although the influence of some bacteria and protists on
cyanobacteria was reported long before that of cyanophage,
it is still difficult to generalize on their overall importance in
cyanobacterial ecology compared with that of cyanophage.

Several ecological features of cyanobacteria have brought
them to the attention of the general public. Some species form
dense blooms and there are numerous accounts of the pro-
blems caused by these and the methods adopted to control
the blooms. Worldwide there are fewer than 30 species which
cause a real nuisance, yet it is still difficult to generalize
about the ecological requirements of many of them. However,
understanding about one genus, Microcystis, is increasing
especially rapidly (van Gremberghe et al. 2011; Chap. 7).
Research in recent years has been accelerated by concern
about massive Microcystis blooms in several large lakes in
China, especially L. Taihu (Fig. 6.11), which are the source
of drinking water for millions of people. The most serious
problem caused by these blooms is the presence of toxins,
which are harmful to humans, other mammals and often other
types of organism (Chap. 24). At least some populations of
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all freshwater bloom-forming species studied contain toxins,
and toxins have also been reported from many other cyano-
bacteria, including the marine Trichodesmium (Kerbrat
et al. 2011). It is fortunate that the strains of Arthrospira
which are marketed as “Spirulina” are not toxic, since this
organism is now grown on a large scale for incorporation
into human and animal foodstuffs (Chaps. 25 and 26).

1.2 Past and Present

1.2.1 The Geological Record

The cyanobacterial record extends back to ~3,500 million
years ago (Chap. 2). The considerable geological evidence
for this comes from various sources, including microbially
laminated structures known as stromatolites, cyanobacterial
and cyanobacterium-like microscopic fossils, carbon isoto-
pic data consistent with Rubisco-mediated CO,-fixation
being present and molecular data. It has proved important
to have evidence from different sources, because of doubts
raised as to whether the oldest structures were in fact bio-
logical. Chapter 2 also considers whether these organisms
included O,-producing photoautotrophic cyanobacteria much
as known today, in spite of the fact that the Great Oxidation
Event occurred a billion years later (~2,450 Ma ago). Whatever
the sequence of changes may have been, they had a key role
in the oxygenation of the atmosphere. Multicellularity in
cyanobacteria is thought to have arisen between 2,450 and
2,220 Ma ago (Schirrmeister et al. 2011). Surprizingly, the
extent to which cyanobacteria in later geological periods
may have contributed to the petroleum deposits now being
extracted seems much less clear (Chap. 16). It was concluded
that in general the source, form, and distribution of oil-
producing communities on the early Earth remains an enigma.
However, there is considerable evidence for the involvement
of free-living cyanobacteria and their symbiotic association
with Azolla at particular sites with rich oil deposits.

Several authors have applied molecular data to assess
the dates when modern cyanobacterial genera originated
(e.g. Dominguez-Escobar et al. 2011). Although there is
scope for discussion about the detailed conclusions, this
approach should help geologists to consider their data
more thoroughly, especially when morphologically complex
cyanobacteria are present in geological samples. Such
fossil materials are not only easier to equate with modern
form-genera, but provide information on the environment
where they were likely to have been growing, as is the case
for Palaeocalothrix from the Precambrian described by
Zhao-Liang (1984) (Chap. 22). In the case of hot and cold
desert cyanobacteria, Bahl et al. (2011) concluded that the
present-day distribution of taxa in the more extreme environ-
ments is determined by their ancient origins.
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1.2.2 The Molecular Record

Until recently the majority of molecular studies on cyano-
bacteria focussed on taxonomic questions and phylogenetic
relationships (Chaps. 7 and 22). Initially these were based on
sequences of one particular gene or part of the genome, but
studies began increasingly to combine information from
several genes. When we introduced the previous “Ecology of
Cyanobacteria” (Whitton and Potts 2000), there were com-
plete sequence data for only a few cyanobacterial genomes.
Now, such data are starting to be obtained more rapidly.
Approximately 35 genomes were available with annotations
for some 117,435 genes when Nakao et al. summarized the
situation in 2010 and there were about 44 at the time of com-
pleting this chapter. Even where whole genome data are not
available for a particular strain, genome sequences from
other organisms can help to identify genes that interfere
with phylogenetic reconstruction (Kauff and Biidel 2011).
Extensive or complete genome sequences are driving significant
advances in the understanding of not only phylogenetic
relationships, but also the growth of populations in sifu and
in culture.

Phylogenetic analyses of 16S rDNA sequences led
Schirrmeister et al. (2011) to suggest that all extant cyanobac-
teria may share a common ancestor, which was unicellular.
Phylogenetic trees based on molecular data indicate that
Gloeobacter violaceus, where the light-harvesting mecha-
nism is restricted to the outer membrane of the cell rather
than internal thylakoids, is the nearest living organism
to that ancestor (see Kauff and Biidel 2011). However,
Schirrmeister et al. also suggest that the majority of extant
cyanobacteria descend from multicellular ancestors and that
reversals to unicellularity have occurred at least five times.
Among modern unicellular forms which have apparently
originated from multicellular ones are the important marine
Synechococcus and Prochlorococcus (Chaps. 5 and 20).
Such concepts are a stimulus to research, but a great deal
more evaluation of genomic information is needed before
there is likely to be firm agreement about the detailed steps
in cyanobacterial evolution. The fact that extant multicellular
forms have similar, if not identical, morphologies to forms
identified in early fossil records has sometimes surprized
authors. However, if environmental factors influencing a past
microbial community were closely similar to those of a mod-
ern one, there may have been little need for evolutionary
change. The molecular evidence suggesting particular evolu-
tionary steps needs to be compared with detailed environ-
mental information for a particular geological time. This
presents a huge challenge.

The consideration of multicellularity raises the question
of the time of acquisition of heterocyst differentiation. Based
on molecular data and theoretical modelling Rossetti et al.
(2010) inferred, perhaps not unexpectedly, that terminally
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differentiated cyanobacteria evolved after undifferentiated
species. The compartmentalization afforded by multicellu-
larity is required to maintain the vegetative/heterocyst division.
It is generally concluded that the heterocyst evolved only
once because of the large number of steps involved (Henson
et al. 2004), but the possibility of some dedifferentiation at
various times should be borne in mind. There is a great deal
of variation in heterocyst morphology and probably also
functioning, which has as yet scarcely been investigated.

Based on a comparison of 58 contemporary cyanobacte-
rial genomes, Larsson et al. (2011) concluded that the most
recent common ancestor of cyanobacteria had a genome size
of approx. 4.5 Mbp and 1,678-3,291 protein-coding genes,
4-6% of which are unique to cyanobacteria today. They con-
cluded that there have been two routes of genome develop-
ment during the history of cyanobacteria. One was an
expansion strategy driven by gene-family enlargement which
provides a broad adaptive potential. The other was a genome
streamlining strategy which imposes adaptations to highly
specific niches.

An important question absorbing the energy of many
research groups is how a particular cluster or clusters of
genes on a genome equates with particular phenotypes. The
study by Larsson et al. (2011) led them to conclude that a
few orthologues can be correlated with specific phenotypes,
such as filament formation and symbiotic competence.
Where organisms have diverged from each other relatively
recently, they may be expected to have equivalent sets of
genes in the same relative position on the genome. Recognition
of this helps researchers to infer how portions of genomes
are excised and transferred during the course of evolution.
This approach (synteny) has provided useful insight for
cyanobacteria. For instance, Stucken et al. (2010) compared
the genomes with the smallest size of any filamentous
species sequenced: Cylindrospermopsis raciborskii CS-505 i
(3.9 Mbp) and Raphidiopsis brookii D9 (3.2 Mbp). Despite
differences in their phenotypic features, these strains
form a monophyletic group. The authors commented on
the remarkable conservation in gene order between these
genomes; differences in repetitive element content account
for most of the difference in the genome. It was concluded
that the lack of heterocysts in strain D9 is a secondary loss.

Local niche occupancy of any particular marine
Synechococcus lineage appears to be driven by lateral gene
transfer, in which specific genomic loci (islands) play a key role
as a repository for transferred genes (Dufresne et al. 2008).
This poses the question as to how important is the physical
location of these islands. In a study with Prochlorococcus
Kettler et al. (2007) asked whether flexible genes (as opposed
to core genes) are located preferentially in island regions,
and, if so, whether the most recently acquired genes are more
likely to be island genes: are recently acquired genes directed
to specific genomic loci? The authors identified genes that
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appear to define high-light and low-light adapted pheno-
types, but they also provided a detailed discussion and
further questions relevant to cyanobacterial distribution and
selection. “How many Prochlorococcus genotypes truly exist
in the ocean, and what fraction of these has differential fitness
at any point in time?” Information which Kettler et al. thought
would be particularly enlightening is to understand the com-
plete genome diversity of the 10° cells in a millilitre of ocean
water, and, conversely, how widely separated in space two
cells with identical genomes might be.

It would be hard to overstate the significance and comple-
xity of these deliberations. For example, in the oligotrophic
open ocean Prochlorococcus accounts for around half
of all photosynthesis (Chaps. 5 and 20). Yet, remarkably,
Prochlorococcus genomes lack catalase and other protective
mechanisms that would appear essential for competition
in the illuminated euphotic zone where reactive oxygen
species are generated. It seems that genomic streamlining of
Prochlorococcus through evolution was coincident with
reliance on hydrogen peroxide-consuming members of the
euphotic community (Morris et al. 2011). This emphasizes
the importance of indirect biotic interactions in establishing
niche boundaries and presumably driving genome evolution.
Complex issues indeed, and it remains to be seen what fur-
ther surprizes there are as studies continue on correlations
between genomic form and function in cyanobacteria.

In addition to the examples already mentioned, molecular
information has proved especially useful in a number of
studies reported in this volume. This applies, for instance, to
the study of the biosynthesis of microsporines, one of
the types of molecule providing UV protection for cyanobac-
teria (Chap. 19). Balskus and Walsh (2010) used genome
sequence data from different cyanobacteria in a genetic and
molecular analysis of biosynthesis in Anabaena variabilis
ATCC 29413. The mode of recruitment (reaction mechanism)
of ATP-dependent peptide bond forming enzymes involved
in this synthesis is apparently unprecedented in natural prod-
uct biosynthesis. Of particular note is that the biosynthetic
pathway is short, requiring only four enzymes. This is espe-
cially noteworthy in view of the ecological importance of
tolerance to UV radiation.

1.3  Ecology: Current Challenges

1.3.1 Sensing the Environment
and Other Organisms

An ability to detect and respond to variations in the environ-
ment is of key importance for the success of cyanobacteria
on this planet and an understanding of which parts of the
genome of a species are involved should prove a great stimu-
lus for research. The following are aspects which seem of
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particular interest. Until recently most studies were con-
cerned with light, N and P, but increasingly responses to the
presence of other cells, whether of the same or a different
species have gained attention. In the case of light, Castenholz
(1983) concluded that most responses occur only after
apparently random movements result in the long axis
lying parallel to the light field. However, a range of photore-
ceptors are now known to exist in cyanobacteria for sensing
light, such as the structure with carotenoid globules and
rhodopsin-like pigment in the tip of the apical cell of a red-
coloured Leptolyngbya (Albertano et al. 2000; Sect. 11.4.3).
The first convincing evidence for chemotaxis came from
Waterbury et al. (1985) for marine phycoerythrin-containing
Synechococcus isolates showing swimming motility. The
swimming behaviour, which was confined to open ocean
isolates, showed a marked chemotactic response to various
nitrogenous compounds (Willey and Waterbury 1989). The
threshold levels for chemotactic responses were in the
range 10~°-10'° M, which could be ecologically significant
in the ocean. More recently the study of chemotaxis in
cyanobacteria has focussed largely on the attraction of
hormogonia to potential symbiotic partners. The first full
account was for Nosfoc and the liverwort Blasia (Knight and
Adams 1996), but the phenomenon has now been shown for
a range of associations (Nilsson et al. 2006; Chap. 23).

The study by Albertano et al. (2000) on the apical cell of
a Leptolyngbya raises the question of the role of apical cells
in this family, especially in species of Phormidium. At least
a few trichomes of most Oscillatoriaceae populations have
an apical cell which is in some way modified, such as being
markedly pointed or with a decrease in colour. More distinct
forms are a thickening at the end, a cap or an even more
elaborate structure, the calyptra. It is unclear whether the
thickening, cap and calyptra are distinct or there is a contin-
uum between them, or whether they have different functions,
but they are important characters used to distinguish species.
Apart from this, there is a striking lack of detailed quantitative
information on these structures, in spite of the fact that this
could have been obtained any time in the past century.
Although taxonomic accounts seldom make this clear, the
specialized cell is present at only one end of a trichome. The
frequency of trichomes with a modified end cell varies
markedly between samples, so is presumably influenced
by the environment. Should no trichome in a population
possess a calyptra, it is impossible to comment on whether
this is a genetic feature or merely a response to the environ-
ment. For the calyptra in particular, most field samples show
only a few trichomes with this structure, so it is essential to
check at least 20 trichomes to identify a sample.

The calyptra is probably the best known morphological
structure in cyanobacteria about which nothing is known of
its role. Perhaps the calyptra is involved in sensing light, as
in the tip of the end cell of the cave Leptolyngbya studied by


http://dx.doi.org/10.1007/978-94-007-3855-3_5
http://dx.doi.org/10.1007/978-94-007-3855-3_20
http://dx.doi.org/10.1007/978-94-007-3855-3_19
http://dx.doi.org/10.1007/978-94-007-3855-3_11
http://dx.doi.org/10.1007/978-94-007-3855-3_23

6

Albertano et al. (2000), but it seems more likely that it is
involved with another factor. We suggest that the most likely
are phosphate gradients, the presence of other trichomes or
possibly a combination of both. It is hard to understand how
Phormidium mats with motile trichomes develop on sub-
merged surfaces unless sensing between trichomes occurs.
It is even more evident that sensing must occur between
Rivulariaceae trichomes aggregating to form a colony
(Chap. 22), though in this case the ends of the cells aggregat-
ing together are starting to differentiate a heterocyst. Is the
heterocyst in this case involved in sensing other cells in addi-
tion to fixing N,?

There have been many suggestions that quorum sensing is
likely in be involved in cyanobacterial processes (e.g. Mann
2000) and some of the above must surely provide examples.
Production of the toxin microcystin by Microcystis also
seemed a likely example, so it was a surprize when several
studies failed to find evidence for factors such as cell density
changes influencing transcription of the microcystin gene
cluster (Dittmann et al. 2001; Braun and Bachofen 2004;
Pearson et al. 2004). '“C studies with M. aeruginosa PCC
7806 showed that when an intracellular pool of microcystin
was built up there was no significant export from the cells
and the authors (Rohrlack and Hyenstrand 2007) interpreted
this as a lack of evidence for quorum sensing. However,
Chap. 7 shows how Microcystis responds in various ways
to the presence of grazers, including changes in colony
morphology and microcystin content. Microcystis strains
exposed to zooplankton increased their cell specific toxin
production (Jang et al. 2007; Sect. 7.5.1). Other aspects of
signalling are discussed in Chap. 18, such as possible links
between cyanobacterial-derived extracellular signalling
molecules and phage physiology (Sect. 18.3) and autoinduc-
tion systems (Sect. 18.4). Evidence for the importance of
quorum sensing in the regulation of surface phosphomo-
noesterase activity by epibiontic bacteria associated with
Trichodesmium colonies was shown by Van Mooy et al.
(2012), but it not yet clear how this influences P acquisition
by Trichodesmium itself.

Microcystis is not the only cyanobacterium known to
show morphological changes in response to the presence of
grazers. Fialkowska and Pajdak-St6s (1997) found that when
two Phormidium isolates from very shallow pools were
subjected to grazing pressure by the ciliate Pseudomicrothorax
dubius, both strains showed significant increases in the
number of filaments terminating in an empty sheath. There
was active withdrawal of a trichome inside a sheath when
disturbed by grazers. P. dubius was unable to ingest trichomes
enclosed in a sheath. Phormidium may be less efficient under
these conditions, perhaps because of reduced nutrient uptake.
However, possession of a sheath was also likely to have
been important for these populations which occurred in an
environment likely to become dried out intermittently.
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Another example of a response to a grazer is that of micro-
colony formation by a strain of Cyanobium sp. from single
cells; this was induced by the presence of the photophagot-
roph, Ochromonas sp. DS (Jezberova and Komarkova 2007).
Colonies were characterized by hundreds of tubules (spinae),
100 nm to 1 um long and 63+6 nm wide on the surface of
Cyanobium cells cultured together with Ochromonas. Such
spinae have been reported a number of times on single-celled
cyanobacteria, so perhaps this is a widespread response.
In any case it seems probable that there are numerous other
examples of cyanobacterial morphological responses to
grazers waiting to be discovered. Perhaps because of their
larger size, there is considerably more known about induced
morphological and chemical responses of eukaryotic algae
than cyanobacteria (see Van Donk et al. 2011).

1.3.2 Nitrogen and Phosphorus

While P has long been identified as the most common limiting
nutrient in freshwater ecosystems (e.g. Schindler 1977),
earlier studies focussed on uptake of P, because of the
increased concentrations in lakes and rivers due to human
activity and the resulting problems of cyanobacterial blooms.
When considering how cyanobacteria and eukaryotic algae
acquire P efficiently if the element is in short supply, some
authors (e.g. Wagner and Falkner 2001) have considered
only P, but others review all possibilities (Dignum et al.
2005). This matters, because, away from human activity, it
seems likely that P acquisition from organic sources is more
important than Pi for most cyanobacteria. It is difficult to be
sure of the situation, because there are few really detailed
studies on the P fractions present in freshwater and it is
doubtful if any freshwater sample has ever been studied
sufficiently to characterize all the P-containing molecules
reaching concentrations of possible use for a cyanobacterium.
There have been no studies on the possible presence and
utilization of phosphonates in freshwater, in spite of their
known importance for several marine cyanobacteria,
such as Trichodesmium (Dyhrman et al. 2006). However,
most filamentous cyanobacteria can obtain P from a wide
range of organic molecules, though not necessarily all, and
there are differences between species (Whitton et al. 1991,
2005). The overall situation with unicellular cyanobacteria
is less clear, because of doubts about the relevance of data
obtained with strains cultured with P, for many generations.
However, many strains can use phosphomonoesters, includ-
ing the marine Crocosphaera watsonii (Dyhrman and Haley
2006). The evidence suggests that unicellular forms may
be less successful at using phosphodiesters (Whitton et al.
1991). The next research step should be to relate the
ability of particular strains to acquire different forms of
P to the types and concentrations of the various molecules
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in their natural environment. Inorganic precipitates and
inorganic — organic complexes, such as the brown depo-
sits among the mucilage of some planktonic colonial
Chroococcales (e.g. Cyanogranis ferruginea), are likely to
include P of potential use to the organism.

Although the problems associated with P concentrations
in culture collection media different from the concentrations
in the natural environment are a particular worry when con-
sidering unicellular strains, phenotypic and probably also
genetic changes can also occur during prolonged subculture
of filamentous species (Chap. 22). The difficulties originated
from the fact that culture media mostly used a phosphate
buffering system until the mid-1970s. For instance, the
medium of Kratz and Myers (1955), which was often used
for cyanobacteria over the next 20 years, has 158 mg L™
PO,-P. This needs to be borne in mind when reading research
results obtained during this period, especially those con-
cerning N, fixation. Although organic buffers started to be
introduced in the 1970s, many media still had P concentra-
tions well in excess of those likely in nature. BG-11 medium
(Allen and Stanier 1968; Rippka et al. 1979) has been the
most widely used medium for cyanobacteria, but sometimes
without combined N (BG11). Both versions have 5 mg L™' P,
although more recently the concentration has sometimes
been reduced to reduced 1 or 2 mg L' P. Even the well-
known Chu No.10 medium (Chu 1942), which was designed
for growing lake algae in the laboratory, has 2.87 mg L' P.
All these and most other media listed by Andersen et al.
(2005) still have P concentrations far higher than typical
in nature. The N concentrations are usually also high, but
below the value for the N:P ratio likely to lead to P limitation
(16:1 molar, 7.2:1 by mass: Redfield et al. 1963), even if, in
the case of a batch culture, a sufficiently high biomass is
reached for this to occur.

1.4 Taxonomy and Nomenclature
It may seem a statement of the obvious to comment that
different people have different reasons for wanting to name a
cyanobacterium. However, cyanobacteria have sometimes
had a reputation for being difficult to name and part of the
reason for this comes from the fact that several different
taxonomic approaches have been introduced at various
times and none are ideal for all the needs of people requiring
names. It is difficult to understand the present situation
without knowing something of the past. The following
account is mainly for those who know little about the sub-
ject; several reviews published in recent years provide much
more detailed information.

Staff in water companies with a single reservoir, who
will probably know the organism as a blue-green alga in
an English-speaking country, merely want to give the same
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name to the same organism each time it is encountered.
Larger environmental organizations require a more rigorous
set of names which is consistent within their area, while
ecologists conducting field surveys aim to use names which
are consistent world-wide. Information about cyanobacterial
populations in many of the world’s ecosystems is still very
limited and the need to provide detailed floristic lists for
ecological studies is likely to increase greatly. Most of the
generic and many of the species names used for this pur-
pose originated in the second half of the nineteenth century
and the first half of the twentieth century — what may be
considered classical taxonomy. However, the names are
increasingly being modified by results from molecular studies.
Many of the problems for non-specialists are similar to those
discussed with clarity and sympathy by Stace (2010) for field
botanists wanting to name angiosperms, but who are not
professional taxonomists.

Molecular data have provided a great stimulus not only
for the broader questions of cyanobacterial evolution and
phylogenetics discussed in Sect. 1.2.2, but also more straight-
forward matters of cyanobacterial taxonomy. They have
helped to distinguish organisms which most phenotypic
characters suggest are quite similar, a particular problem with
many unicells; Microcystis provides an example (Chap. 7).
Molecular data have also ensured the speedy acceptance of
splits in well-known genera, where obvious morphological
differences had been ignored in the past, as has occurred in
the separation of Cuspidothrix (Rajeniemi et al. 2005)
and Sphaerospermum (Zapomélovd et al. 2009) from
Aphanizomenon. However, molecular data have not always
been used with sufficient care in phylogenetic and taxonomic
studies. This is sometimes merely because of the rush to pub-
lish, but other times it comes from a failure to appreciate the
significance of how taxa were originally described.

Many characters used in the original descriptions were
ones which the organism had evolved to respond to what we
might now consider as “stress” factors, although in most
cases the original authors had no or little idea about such
environmental factors. These include the various types of
sheath pattern in terrestrial forms, many of which are
responses to different cycles of water availability and the
formation of sheath pigments to protect from UV damage.
The influence of combined N on heterocyst formation by
many cyanobacteria became increasingly clear during the
1970s (Wolk 1983), but recognition of the importance of P in
inhibiting the formation of multicellular hairs in cyanobacte-
ria has been less widely recognized (Chap. 22). Nevertheless,
about 16% of the filamentous species listed by Geitler (1932)
form such hairs.

Akinetes or other resting stages are needed to iden-
tify individual species in genera such as Anabaena and
Cylindrospermum, so again these will only be seen if the
correct environment is provided. It is essential to name an
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organism when first isolated from nature if the name is to be
used in phylogenetic analysis. Giving the correct name to a
culture is even more of a challenge if there is a need to
consider the whole population. This is essential, for instance,
in Rivulariaceae colonies, which may contain more than
one genotype (Berrendero et al. 2008), in Microcystis
(Chap. 7) and probably also in all Phormidium (see above).
Perhaps the hardest of all is to give the right name when the
morphology of a cyanobacterium responds to the presence
of a grazer.

The classical taxonomic information was first consolidated
by Geitler (1932) and the approach to naming blue-green
algae continued much the same for the next 40 or so years,
although with a lot more information being incorporated,
some of it based on experimental studies during the latter
part of this period. The guidelines for naming organisms were
provided by the International Code of Botanical Nomenclature
(ICBN). In a series of monographs Francis Drouet set out to
replace the pragmatic approach of the classical system with
one based on reducing the number of genera to one relying
solely on the most obvious characters (e.g. Drouet 1968),
eventually reducing the number to nine (Drouet 1981).
The monographs are an excellent source of nomenclatural
information, but have little practical value for naming organ-
isms. However, Drouet’s views led to heated discussion at
many symposia up to as late as 1991. There would be little
need to mention them now but for the fact that an earlier
version of Drouet’s names was used for the colour pictures
shown by Palmer (1962), which were subsequently repro-
duced in many editions of Standard Methods for Water
and Wastewater Treatment published by the American Public
Health Association. These pictures have probably been seen
by more people than any others of cyanobacteria and are
still on the walls of many water treatment laboratories around
the world.

A third approach is that introduced by R.Y.Stanier, who
became convinced during the mid-1970s that the classical
approach was inadequate for critical research. A meeting
of blue-green algal specialists — authors of floras and
monographs — at Kastanienbaum by the Ziirichsee in
Switzerland gave him the chance to ask them to use light
microscopy to name the genera of 20 cultures from the
Pasteur Culture Collection. (B.A.W. was one of those
involved.) Comparisons of the lists obtained showed that
many organisms had been given more than one name and, in
the case of several filamentous forms, Oscillatoria, Lyngbya
and Phormidium for the same material. This added weight to
the argument that organisms should be treated like bacteria,
with isolation of individual cells or filaments to permit
measurements of a wide range of characters. He therefore
proposed that their taxonomy should follow the rules of
International Code of Nomenclature of Bacteria, together
with a change in name to cyanobacteria (Stanier et al. 1978);
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the practical methods were described by Rippka et al.
(1979). Two editions of Bergey’s Manual of Determinative
Bacteriology have provided accounts of the genera which
the authors of the cyanobacterial chapters thought could be
characterized clearly at the time. The first (Castenholz and
Waterbury 1989) relies largely on phenotypic characters,
whereas the second (Castenholz 2001) makes considerable
use of molecular information, especially sequence data.

The 1978 proposal by Stanier et al. led to nomenclatural
problems which are still not fully resolved. The earlier steps
towards doing this were reviewed by Oren (2004), who
stressed the need for botanical and bacteriological taxono-
mists to use unified rules to describe new taxa. Oren (2011)
assessed the contents of all the papers on cyanobacterial
systematics and nomenclature published in the International
Journal of Systematic Bacteriology and the International
Journal of Systematic and Evolutionary Microbiology
(and a predecessor bulletin). There have been only very few
descriptions of new cyanobacterial taxa under the rules of
the International Code of Nomenclature of Prokaryotes
(ICNP) because of the difficulty of validly publishing new
names of cyanobacteria under its rules. Most descriptions of
new taxa are still published in the botanical literature.
The situation had not changed much since Oren and Tindall
(2005) considered how successful the system was in which
Cyanophyta/Cyanobacteria can be named according to the
provisions of either code. The problems include the fact that
valid publication under the ICNP rules requires publication
in a particular journal, whereas that of the ICBN has no such
restriction. Another difference is that the ICNP requires the
nomenclatural type of a species to be a viable type strain
maintained in pure culture, while under the ICBN, non-living
type specimens must be preserved permanently, although
algal cultures preserved in a metabolically inactive state are
acceptable as types. Neither system deals effectively with
the problem of genetic shifts in cultures, which may even
have occurred by the time the material is designated a type
culture, nor the fact that they may only express characteristic
features when present as a population.

At the same time as the bacteriological approach has been
developing, there have been many reports of new taxa and
nomenclatural revisions based on the ICBN rules, which
have themselves been changing. This literature was brought
together for the Chroococcales by Komarek and Anagnostidis
(1999) and by the same authors for the Oscillatoriales in
2005. Often the previous revisions had also been made by
them; some of these were made with more evidence to support
them than others. The two volumes assemble a wealth of
information and are essential for anyone making broad
surveys. However, it would be a challenge to make such a
survey without practical advice from others with experience of
how their system is put into practice. There are, for instance,
109 species of Phormidium listed and the authors state that
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200 species have been recognized and are identifiable.
However, most morphological characters are influenced by the
environment and often merge into those of other species.

Nomenclatural revisions in the past 10 years almost all
incorporate molecular data and in many cases this is what led
to the decision to make the change. Hoffmann et al. (2005)
stressed that the taxonomic system needed to be continually
revized and updated, but that system is essentially a continu-
ation of the traditional system. Komarek (2010) reviewed the
situation and emphasized the need for molecular data to
have a central role, but also that phenotypic and ecological
characters must be an integral part of the generic definition.
He indicated that the molecular definition of a gene sequence
corresponding to the genus should be based on a similarity
index of £+95% using 16S rRNA sequencing. The species
concept is “not uniform and must be modernized according
to the diverse nature of genera”. He regretted that “molecular
cyanobacteriologists pay attention to the use of molecular
methods for taxonomic articles, but unfortunately do not
accept the results of modern investigations into cyanobacte-
rial diversity in their studies and strain collections”.

It seems probable that progress will continue much as
indicated by Hoffmann et al. (2005), with a continual update
of what originated from the classical system, but with an
ever increasing contribution from molecular data. However,
the situation with unicellular forms (in the broadest sense) is
rather different from that of filamentous ones, where there are
often quite a number of morphological characters. It might
have been better if Stanier et al. (1978) had restricted their
suggestion about change in nomenclatural code 1978 to the
Chroococcales, with consideration of the filamentous forms,
which are the main part of floristic surveys, being left until
later. It will probably always be essential to rely on molecular
data for reliable identification of many unicellular forms, but
there is still a lot of potential for improving the traditional
system enough to make it is possible to allocate a meaningful
binomial name to the majority of filamentous forms found in
nature based on their morphology.

Proposals to revize generic limits should be deferred until
there are data for a sufficient number of strains. We believe
that many nomenclatural changes have been introduced much
too rapidly and this will inevitably lead to further revisions
in a few years time. It is for this reason that not all recent
nomenclatural changes have been included in the revized
floristic account of cyanobacteria in the British Isles (Whitton
2011). However, in the long-term by far the most effective
way to deal with the practical need for names in detailed field
surveys is to use an interactive identification system based on
morphology, although molecular comparisons should be
sufficient for rapid checks on potential problem organisms.
A early attempt at developing an interactive system was
provided by Whitton et al. (2003) using the Lucid software
prepared by University of Brisbane, Australia, and with the

information on a CD. It should now be possible to provide a
system which permits the storage of taxonomic information
and records from as many countries as there are data, rapid
conversion between different nomenclatural conventions and
synonyms, a large number of images and rapid access to the
internet. The information could also be linked to molecular
records.

The increasing need to include sequence comparisons
with the GenBank database in taxonomic comparisons and
phylogenetic studies makes it is essential for the names to be
correct. As pointed out by Komdrek (2010), this is not always
so, and some of the reasons for this have been explained
above. It would be useful to have an index of reliability for
every name in the database, although this would require
retrospective assessment for the names already there. There
is also a need for ecological relevance to be among the crite-
ria used to decide which strains are used for complete genome
sequencing. This should include detailed information about
its original environment and morphology and the use of
material which has had minimal chance for genetic change
since first isolated.

Finally, we would point out that detailed descriptions
of the morphology and cell contents visible with a light
microscope of populations of filamentous forms at a field site
can tell a lot about the environment at that site without even
knowing the name of the organism. This comes from an
understanding of the factors leading to the “stress” charac-
ters mentioned above and others details such as the relative
abundance of cyanophycin (N storage) and polyphosphate
(P storage) granules. The more morphologically complex
the organism, the more information can be deduced.

1.5  The Future: How Cyanobacteria Can

Contribute to Solving Real Problems

The variety of ways in which cyanobacteria are currently
used for practical purposes is likely to surprize many readers
of Chap. 26. Some of the places where cyanobacteria are
harvested locally are well known, like the surrounds of Lake
Chad, but others much less so, such as in Myanmar. It seems
likely that there is a lot more to be reported about local use of
natural material, especially from S-E. Asia. The commercial
cultivation of Arthrospira (“Spirulina”) continues to increase
and what may have seemed at times rather wild suggestions
for production have frequently turned into reality. Those of
us who spent an afternoon at the 2005 Applied Phycology
Symposium in Kunming listening to the plans of Chinese
staff for managing large-scale cultivation on the Ordos
Plateau in Inner Mongolia can now read in Chap. 25 about
current production. Hopefully the comment by Lu et al.
(2011) that a plan for a future annual production of 10° that
has been sketched out will also become a reality.
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Another success from the dry parts of China is the use of
cyanobacterial inocula in the improvement of soils in semi-
desert regions (Chap. 12). This has shown how important it
is to study the ecology of natural soil biological crusts, select
strains adapted to a particular area and then to find out how
the material should be grown and applied to sites in that area.
The sequencing of the genome of a strain of Microcoleus
vaginatus (Starkenburg et al. 2011), one of the main species
used in inocula, should assist in optimizing strains for a
particular region.

There is a long history of cyanobacteria being applied to
fields in other regions to increase soil fertility, especially the
N status of rice fields. There has been considerable success
in the use of Azolla, with its N2-ﬁxing symbiont, but most of
the earlier studies on free-living cyanobacteria were too
fragmentary to have much practical success. In particular
there was often a failure to obtain an understanding of the
ecology of local sites (Whitton 2000). However, some
successes have been reported in recent years (Sect. 26.5.5).
Although rice fields are much more complex ecosystems
than soil biological crusts, it should be possible to manage
the cyanobacterial populations of rice fields to enhance soil
fertility effectively once the same critical and long-term
approach is applied as has been done for semi-desert soils in
China. The problems associated with cyanobacterial damage
to outdoor monuments and archaeologically important
surfaces in caves and other underground sites provide another
example where detailed ecological research has helped to
provide solutions (Chap. 11). Dealing with problems without
such ecological understanding has sometimes done more
harm than good and is still continuing to do so at many sites,
especially large outdoor monuments in south, south-east and
east Asia.

The use of barley (Hordeum vulgare) straw to control
cyanobacterial blooms provides an example of an ecological
problem where there have been many studies, but none
adequate enough to ensure that the solution is always
effective. The studies are summarized by O hUallachdin and
Fenton (2010). Release of polyphenolics from rotting stems
has been suggested to be the main factor involved (Pillinger
et al. 1994; Everall and Lees 1997) and there is evidence for
1,000-3,000 molecular weight range polyphenolics being
toxic to Microcystis aeruginosa (Waybright et al. 2009).
However, evidence for other factors such as increases in
zooplankton grazer density and microbial activity has been
found for particular sites. In addition it is possible rotting
barley straw might release other toxic molecules harmful to
cyanobacterial blooms, since Wu et al. (2011) showed that
periphyton biofilms could produce water-soluble allelochem-
icals such as indole and 3-oxo0-a-ionone, which led to marked
inhibition of cyanobacterial growth. Marked differences have
been found in the responses of different planktonic cyanobac-
teria and eukaryotic algae (Brownlee et al. 2003).
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Barley straw is now used widely in the British Isles to con-
trol cyanobacterial blooms, and, to a lesser extent, eukaryotic
algae. It is also in increasing use elsewhere, though more
often in ornamental ponds than reservoirs. Tests in North
America have led to only mixed success (Boylan and Morris
2003; Geiger et al. 2005), perhaps due to different barley
cultivars or higher rates of N fertilization in the barley fields
reducing the lignin content of the straw. Nevertheless there
is convincing evidence for success in shallow, well aerated
waters in the British Isles, when a sufficient density of
bales of straw is applied early enough for rotting to be well
underway by the time a bloom population would normally
start to increase — typically late spring. The value of straw
used for this purpose is sufficient to influence borderline
decisions by some farmers about the area to be planted
for barley. There is great potential for making the barley
straw methodology much more effective, but anyone plan-
ning a research project would be well advized to read the
critical comments of O hUallachdin and Fenton (2010) on
the weaknesses of previous studies.

In view of the widespread occurrence of cyanobacterial
blooms in tropical and subtropical waters used for drinking
water, the possibility that the straw of some rice cultivars
might be used in a similar way should be tested. Evidence in
support of this comes from an experimental study by Rice et
al. (1980) showing that decaying rice straw had an inhibitory
effect on cyanobacterial growth and N, fixation. In addition,
anecdotal reports from deepwater rice farmers in Bangladesh
to B.A.W. indicate that leaving rice straw to rot on soils after
harvest at the end of the flood period decreases winter
growths of cyanobacteria on the soil surface.

The intense interest in the potential of cyanobacteria for
various products is leading to an exploration of the ways of
optimizing the cell physiology of strains if it is to be used to
produce the product, or the isolation and transfer of impor-
tant cyanobacterial operons to non-phototrophic organisms
if these are cheaper to grow on an industrial scale. Biofuel
(Chaps. 16 and 26) is of course the most important product
needed. Significantly, an alkane biosynthesis pathway from
cyanobacteria as diverse as Cyanothece and Nostoc spp. is
described recently by Schirmer et al. (2010). This pathway
consists of an acyl-acyl carrier protein reductase and an
aldehyde decarbonylase that together convert intermediates
of fatty acid metabolism to alkanes and alkenes. Heterologous
expression of the cyanobacterial alkane operon in Escherichia
coli led to the production and secretion of long-chain alkanes
and alkenes. Another approach is genetic modification of
strains such as Synechocystis PCC 6803 wild type (SD100)
to produce and secrete fatty acids (Liu et al. 2011). Since this
involves changes to the cell walls, and cell density dependent
changes may damage cell membranes, it remains to be seen
how well such strains succeed, perhaps in competition with
others, under rigorous environmental conditions.
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Assessment of whole genome sequences would seem to
be the most logical approach for long-term plans for genetic
modification. The study carried out by Jones et al. (2011) on
Lyngbya majuscula 3L provides an example. This strain
belongs to a pantropical species and a worldwide genus that
is the source of some 35% of all reported cyanobacterial
natural products. In spite of the fact that some L. majuscula
strains fix N, (Lundgren et al. 2003), no evidence for nitro-
genase genes was found in L. majuscula 3L. However, this
strain does produce curacin A, a tubulin polymerization
inhibitor, and the molluscicide barbamide. Jones et al.
suggested that Lyngbya metabolites are strain-specific and
may be useful in delineating species. They showed that this
species has a complex gene regulatory network with a large
number of sigma factors and other regulatory proteins, it was
concluded that this shows an enhanced ability for environ-
mental adaptation or for forming microbial associations.
More such detailed analyses of genome sequence are needed
to provide a rational basis for assessing how strains interact
with their environment and which ones are most likely to
form products of potential biotechnological use.
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2.1 Overview of the Microbial Fossil Record
2.1.1 Introduction

Geological time is divided into two major segments: (1) the
Phanerozoic Eon, the younger and much shorter of the
segments, that begins with the first appearance of shelly inver-
tebrate animals ~542 million years (Ma) ago and includes the
familiar evolutionary successions from algae to spore plants
and then to seed plants, and from marine invertebrates to fish
and then to terrestrial vertebrates; and (2) the Precambrian
Eon, the longer of the segments that spans the earlier seven-
eighths of Earth history, extending from the formation of the
planet, ~4,500 Ma ago, to the beginning of the Phanerozoic.
The Precambrian, in turn, is subdivided into two exceedingly
long segments — each some 2,000 Ma in duration — the
Archean, extending from the formation of the planet to
2,500 Ma ago, and the Proterozoic, spanning the time from
2,500 Ma ago to the beginning of the Phanerozoic. The oldest
known fossils date from ~3,500 Ma ago (Schopf 1993, 2006;
Schopf et al. 2007; DeGregorio et al. 2009), with hints of life
being present in ~3,830-Ma-old rocks, among the oldest
known on Earth (Mojzsis et al. 1996; McKeegan et al. 2007).

Though it is likely that the earliest forms of life were
heterotrophs, originating within and metabolically dependent
on abiotically produced “primordial soup” (Oparin 1938;
summarized in Schopf 1999), evidence from the rock record
(primarily, microbially produced stromatolites, cellular
microscopic fossils and the carbon isotopic composition of
preserved organic matter) establishes that photoautotrophy
has served as the foundation of the world’s ecosystem since at
least 3,500 Ma ago. The principal unsolved problem is not
whether photosynthesis was an exceedingly ancient evolu-
tionary innovation, but, rather, when did Oz-producing
photosynthesis originate, a metabolic process that arose as an
evolutionary derivative of a more primitive form of photoau-
totrophy, anoxygenic photosynthesis, characteristic of non-
cyanobacterial photosynthetic bacteria (Blankenship 1992;
Blankenship and Hartman 1998). Among all evolutionary
innovations, the one which probably had the greatest impact
on Earth’s ecosystem and subsequent biotic history was the
origin of O, -producing photosynthetic cyanobacteria — dating
from the earliest, Archean, segment of geological time. Their
advent altered the world’s environment forever and provided
the biologically useable O, required for aerobic respiration, a
decidedly more efficient energy-generating process than its
anaerobic (fermentative) precursors (Schopf 1999).

The time of origin of this globally altering event can be
addressed by answering a single question: “When did
cyanobacteria originate?” Firm fossil evidence of the
existence of cyanobacteria, the earliest-evolved “complete
aerobes” capable of both O,-producing photosynthesis and
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O,-consuming respiration, would establish that the sequence
of metabolic innovations that led to their emergence (anaerobic
heterotrophy, followed by anaerobic photoautotrophy and
then aerobic autotrophy and aerobic respiration) had already
evolved, giving rise to an ancient, but metabolically fully
modern, ecosystem (Schopf 1996, 1999). Evidence to
answer this question should be expected to be preserved in
the Precambrian rock record. Stromatolites, microbially
layered deposits dominated today by filamentous and coccoid
cyanobacteria, are present throughout virtually all of the
known geological record; cellularly preserved fossils of
cyanobacteria dominate the record of Precambrian life;
and rock-derived carbon isotopic data are consistent with
the presence of photosynthetic microorganisms back to
~3,500 Ma and possibly to >3,800 Ma ago. Nevertheless, a
firm answer to the question of the time of origin is not yet
available: the earliest known stromatolites might have been
formed by anoxygenic photosynthesizers; the cyanobacte-
rium-like fossils in rocks ~3,200- to 3,500-Ma-old might
be remnants of non-O -producing microbes; and though a
vast amount of carbon isotopic data are consistent with the
presence of oxygenic photosynthesis as early as ~3,500 Ma
ago, they do not rule out the possibility that the role of primary
producer in the world’s most ancient ecosystems was played
by anaerobic, anoxygenic, photosynthetic bacteria.

It is not surprising that the question of time of origin of
cyanobacteria and thus O,-producing photosynthesis is still
unresolved. In contrast to palaeontological studies of the
Phanerozoic history of life, the outlines of which were
already known in the mid-1800s (Darwin 1859), successful
investigation of the earlier, Precambrian, fossil record did
not begin until the mid-1960s (Barghoorn and Schopf 1965;
Barghoorn and Tyler 1965; Cloud 1965; Schopf 1968).
Although much progress has been made during the ensuing
decades (e.g. Schopf and Bottjer 2009) in showing that
Precambrian microbes were abundant, ubiquitous, metaboli-
cally diverse, and biotically predominant, knowledge of the
early fossil record remains far from complete. Moreover, due
to the “geologic cycle,” the repeated sequence of mountain
building, erosion, and deposition of the eroded products into
sedimentary basins, the average “lifetime” of a geological
unit is only some 200 Ma. For this reason, the rock record
that has survived to the present rapidly diminishes with
increasing geological age, which severely limits the ancient
fossil record available for study. About half of the potentially
fossil-bearing sedimentary rocks that have survived date from
the Phanerozoic (the recent one-eighth of geological time);
most of the rest are Precambrian, spanning the earlier seven-
eighths of Earth history; Archean-age rocks — those older
than 2,500 Ma in which evidence of the earliest oxygenic
photosynthesizers is expected to occur — represent only about
5% of the surviving rock mass (Garrels and Mackenzie 1971).
Although the known fossil record of cellularly preserved
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microbes extends deep into the Precambrian — throughout
all of the Proterozoic and much of the Archean, it becomes
increasingly sparse and patchy in units older than ~2,000 Ma
and the history of the various microbial lineages becomes
increasingly difficult to decipher.

2.1.2 The Great Oxidation Event (GOE)

Despite the problems posed by the petering-out of the rock
and fossil records over geological time, the records that have
survived are sufficient to establish the presence of molecular
oxygen in the Earth’s atmosphere — and, by implication, of
cyanobacterial oxygen-producing photoautotrophs — at least
as early as ~2,450 Ma ago. As summarized by Holland
(2002) and Canfield (2005), from about 2,200 Ma ago to the
present, sandstones known as red beds have been deposited
on land surfaces by meandering rivers and windblown dust.
The beds are coloured red by the presence of the mineral
hematite (Fe,O,), iron oxide that typically forms a thin
veneer on individual quartz sand gains and the presence of
which indicates that the atmosphere at the time was oxidizing.
In contrast, in numerous terrains older than about 2,400 Ma,
conglomeratic rocks occur that contain detrital grains of
pyrite and uraninite deposited in shallow-water deltaic
settings, minerals that in the presence of molecular oxygen
are rapidly converted to their oxidized forms — for pyrite
(FeS,) to the mineral hematite (Fe,O,); and for uraninite
(UO,) to its soluble more-oxidized form, UO,. If there had
been appreciable oxygen in the overlying atmosphere when
these shallow-water sediments were laid down, hematite,
rather than pyrite, would occur in such conglomerates and
uraninite would have oxidized and been dissolved.

The distinctly differing temporal distributions of red beds
and of pyritic uraniferous conglomerates indicates that there
was an increase in the amount of oxygen in Earth’s atmo-
sphere some 2,200-2,400 Ma ago, a date that has recently
been more firmly set by studies of sulphur isotopic ratios
preserved in the rock record that evidence a major rise in
atmospheric O,-content at ~2,450 Ma ago (Farquhar et al.
2000, 2007). Since photosynthesis produces well over
99% of the oxygen in the atmosphere, and since no other
large-scale source of free oxygen is known, this increase of
atmospheric O, can be firmly attributed to the activities of
cyanobacterial oxygenic photosynthesizers. Nevertheless,
the timing of this major increase, dubbed the Great Oxidation
Event (Holland 2002), sets only a minimum age of ~2,450 Ma
for the presence of these O,-producing microbes. Because
Earth’s primordial environment was anoxic, the molecular
oxygen generated by the earliest cyanobacteria would
have been rapidly sequestered, removed from the atmo-
sphere by its reaction with previously unoxidized substrates
(e.g. volcanic gases, unoxidized minerals, and massive
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amounts of ferrous iron dissolved in the world’s oceans) to be
“sponged-up” and buried in rock-forming minerals such as
the hematitic iron-oxides of banded iron-formations (BIFs)
that are globally abundant in geological sequences older than
2,500 Ma. Only after all such substrates had been more or
less completely oxidized — after the “rusting of the Earth”
had drawn to close — could the oxygen content of Earth’s
atmosphere have permanently increased, a time lag from
the origin of cyanobacterial O,-producing photosynthe-
sizers that evidently lasted for many hundreds of millions
of years.

Three principal lines of evidence can be used to assess
the fossil record of cyanobacteria and to address the closely
related question of the time of origin of oxygenic photosyn-
thesis — stromatolites, cellular microfossils, and the chemistry
of ancient organic matter — each of which is discussed in
turn below. Taken as a whole, the evidence indicates that
O,-producing cyanobacteria were extant earlier than 2,450 Ma
ago; that such microbes had originated by 2,700 Ma ago; and
that the origin of oxygenic photosynthesis may date from as
early as, or even earlier than, 3,500 Ma ago.

2.2  Microbial Stromatolites

As preserved in the geological record, stromatolites are finely
layered rock structures, typically composed of carbonate
minerals (e.g. calcite, CaCO,), that formed by the microbially
mediated accretion of laminae, layer upon layer, from the
surface of an ancient seafloor or lake bottom. Their mode of
formation has been well documented by studies of modern
stromatolites, structures known to microbiologists (including
those specializing in studies of cyanobacteria) as “microbial
mats.” The layered organization of such structures reflects
the photosynthetic metabolism of the mat-building and
stromatolite-forming microorganisms. Thin (mm-thick) mats
composed of such microbes formed as the microorganisms
multiplied and spread across surfaces that were typically
intermittently veneered by detrital or precipitated mineral
grains that blocked sunlight. To maintain photosynthesis,
mobile members of such communities, such as gliding
oscillatoriacean cyanobacteria, moved upward through the
accumulated mineral matter to establish a new, overlying,
microbial mat. The repeated accretion and subsequent lithi-
fication of such mats, augmented commonly by an influx of
non-mobile microbes (such as colonial chroococcacean,
entophysalidacean, and pleurocapsacean cyanobacteria), can
result in the formation of geologically preservable stroma-
tolitic structures that range from small millimetric pustular
mounds and columns to large, decimetric, bioherms. In rela-
tively rare instances, during diagenesis (the series of changes
that lead to the lithification and geological preservation of
such structures), silica from ground water, precipitated as the
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mineral quartz (SiO,), replaces the initially formed carbonate
matrix. If replacement occurs early in the history of a deposit,
before the mat-building microorganisms decay and disinte-
grate, cellularly intact microbes can be preserved. However,
the vast majority of fossil stromatolites, unaltered by such
replacement, are devoid of cellularly preserved microbes:
during diagenesis, carbonate grain growth crushes and oblit-
erates the stromatolite-forming microorganisms, leaving only
an amorphous thin coaly residuum of microbe-derived car-
bonaceous matter.

Cyanobacterium-dominated microbial mat communities,
living analogues of those that produced the stromatolites of
the fossil record, are known today. One such example, from
Baja, Mexico, is shown in Fig. 2.1a through ¢ and compared,
in Fig. 2.1d, with a similarly laminated fossilized stromatolite
~1,300 Ma in age. Among the best known and most studied
lithified modern stromatolites are those shown in Fig. 2.1e
through g, carbonate microbial stromatolites that in size,
shape, and laminar structure are much like those known from
the Precambrian (compare Fig. 2.1g with h and i, and j and k).
Such modern stromatolites are usually restricted to refugia,
settings such as hot springs and hypersaline lagoons
(Fig. 2.1a—g, j) in which the slow-growing microbial mats
are not disrupted by grazing and burrowing metazoans. For
this reason, stromatolites are not particularly abundant in
sediments of the Phanerozoic, deposits laid down in environ-
ments dominated by diverse metazoans. However, in the
absence of grazing and burrowing animals, as was the situa-
tion until the very end of the Precambrian, stromatolites were
abundant worldwide in photic-zone carbonate-depositing
settings. Known earliest from rocks ~3,500 Ma in age,
their distribution over time parallels that of the surviving
Precambrian rock record — that is, stromatolite-bearing rock
units gradually become decreasingly abundant as the rock
record gradually peters out (Fig. 2.2). Such structures
establish the presence of flourishing photosynthesis-based
microbial communities, but only rarely do they preserve the
cellular fossils that might evidence whether the stromatolite-
building photoautotrophs were oxygenic, like cyanobacteria,
or anoxygenic, like photosynthetic bacteria.
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2.2.1 Archean Stromatolites

As is shown in Fig. 2.2, an impressive number of Archean-age
geological units — of particular interest because of their
potential bearing on the time of origin of cyanobacteria — are
known to contain microbially produced stromatolites. Shown
in Fig. 2.3 are representative examples: carbonate sediments
of the ~2,723-Ma-old Fortescue Group of Western Australia
contain domical, pseudocolumnar and branching stromato-
lites (Fig. 2.3a, b); those of the ~2,985-Ma-old Insuzi Group of
South Africa include stratiform and conical forms (Fig. 2.3c,
d); and those of the ~3,388-Ma-old Strelley Pool Chert of
Western Australia contain domical (Fig. 2.3e), stratiform
(Fig. 2.3f) and close-packed conical stromatolites patchily
distributed over many tens of square-kilometers (Fig. 2.3g—1).
The presence of conical stromatolites in such deposits — like
those shown in Fig. 2.3c, d, and g through i and reported
from 17 of the 48 units listed in Fig. 2.2 (Hofmann et al. 1999;
Hofmann 2000; Allwood et al. 2006; Schopf 2006) — is
particularly noteworthy since such distinctive structures
cone-shaped structures evidently require for their forma-
tion “highly motile mat builders” such as oscillatoriacean
cyanobacteria (Grotzinger and Knoll 1999, pp. 342-343).

2.3 Cellular Microbial Fossils
Two principal processes preserve organic-walled cyano-
bacterial fossils: compression and permineralization.
Compression-preserved microorganisms occur in fine-grained
detrital sediments such as shales and siltstones, pressed
and flattened along bedding planes as the sediment lithified.
Although such carbonaceous compression-preserved mic-
robes are poorly known from the Phanerozoic, largely
neglected by Phanerozoic palacontologists who focus chiefly
on megascopic fossilized remains, they are appreciably better
documented in the Precambrian (e.g. Butterfield 2009).

The microbial fossil record is best known from micro-
organisms preserved by permineralization. Of all modes of
fossil preservation, this process (known also as petrification)

Fig. 2.1 Modern and fossil stromatolites: (a—c) Modern unlithified stro-
matolites (microbial mats) at Laguna Figueroa (Laguna Mormona), Baja,
Mexico: (a) mound-shaped stromatolites (machete, at right, for scale);
(b) vertically sectioned stromatolite comprised of stacked, laterally conti-
nuous, microbial mats; (¢) uppermost part of the specimen in (b) showing
the cyanobacterium-dominated growth surface (green layer, at top) and an
immediately underlying pinkish layer populated by purple photosynthetic
bacteria. (d) The vertically sectioned modern stromatolite in (b), at right,
for comparison with a vertically sectioned fossil carbonate stromatolite
(left) from the ~1,300-Ma-old Belt Supergroup of Montana, USA. (e)
Modern lithified (carbonate) columnar and domical stromatolites at
Shark Bay (Hamelin Pool), Western Australia (geologic hammer, at

right, for scale), exposed at low tide. (f, g) Modern Shark Bay columnar
stromatolite, in (f) showing its cyanobacterium-coated growth surface
and, in a vertical section of this specimen shown in (g), its lithified,
upwardly accreted, microbially produced internal layers. (h, i) For
comparison with the lithified modern stromatolite in (f) and (g), verti-
cally sectioned fossil stromatolites from the ~1,300-Ma-old Belt
Supergroup of Montana, USA (h) and the ~3,350-Ma-old Fig Tree
Group of the eastern Transvaal, South Africa (i). (j, k) Modern lithified
Shark Bay stromatolites (j) for comparison with (k) fossil carbonate
stromatolites from the ~2,300-Ma-old Transvaal Dolomite, Cape Province,
South Africa; the scale for (j) and (k) is shown by the red-circled
geological hammer in (k)
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Fig. 2.2 Comparison of
temporal distribution of the 48
Archean-age stromatolite-bearing
rock units now known (e) with
that of Archean-aged rocks that
have survived to the present
(dashed line) (Data from
Hofmann 2000; Schopf 2006)
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provides the most faithful representation of life-like
morphology. Such preservation results from the pervasion of
mineral-charged solutions into cells during the early stages
of diagenesis, prior to their decay and disintegration. The
permeating fluids infill microscopic voids — replacing the
watery milieu of the cellular components — to produce
a mineral-infused inorganic—organic mix that preserves
physically robust structures such as organic-rich cell walls.
As a result, both the organismal morphology and cellular
anatomy of such fossils can be preserved in three-dimensional
microscopic detail. The most common such permineralizing
matrix is silica, fine-grained (cryptocrystalline) quartz and
the mineral that comprises the rock-type known as chert.
Hundreds of microbe-preserving cherts are now known from
the Precambrian when silica was abundant in the world’s
oceans, well before the Phanerozoic appearance of silica-
biomineralized sponges, diatoms and radiolarians that today
regulate the oceanic silica budget. As shown here, such cherts
can contain exquisitely preserved fossil microbes.

2.3.1 Modern and Fossil Cyanobacteria

Microbial classifications based primarily on biomolecular
data (e.g. rRNA-, genome-, and DNA base-compositions) are
for many modern microbial taxa consistent with traditional
morphology-based groupings. For example, cyanobacteria

3000 3500
AGE (Ma)

have been assigned on the basis of their organismal
structure and pattern of development to five “sections”
(cf. morphology-defined taxonomic families) that for many
genera mesh well with biochemically based classifications
(Herdman et al. 1979a, b; Rippka et al. 1979). Section I
(cf. Chroococcaceae) is comprised of predominantly sphe-
roidal, solitary and colonial unicellular cyanobacteria
that reproduce by fission or by budding (e.g. Gloeocapsa).
Section II (cf. Pleurocapsaceae) consists of unicellular or
pseudofilamentous forms that by multiple fission give rise to
small daughter cells known as baeocytes (e.g. Pleurocapsa).
Section III (cf. Oscillatoriaceae) encompasses uniseriate
cyanobacterial filaments that lack cellular differentiation (e.g.
Oscillatoria and Spirulina). Section IV (cf. Nostocaceae)
includes simple uniseriate filaments that exhibit cellular
differentiation into akinetes and heterocysts (e.g. Nostoc).
Section V (cf. Stigonemataceae) is composed of morphologi-
cally more complex heterocystous cyanobacterial filaments
that exhibit true branching. Representatives of all five groups
are known from the fossil record, Sections I-IV dating from
well into the Precambrian, whereas representatives of
Section V are known earliest from Stigonema-like fossils of
~400-Ma-old Rhynie Chert of Scotland (Kidston and Lang
1922). In general, taxa included in Sections II, IV and V are
consistent with biochemically-based phylogenies, whereas
the cyanobacteria of Sections I and III may not comprise
monophyletic lineages. However, because the biochemical
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Fig. 2.3 Archean-age microbially laminated stromatolites: (a)
Domical, pseudocolumnar and branching stromatolites, overlain by rip-
pled sediments, and (b) a domical stromatolite from the ~2,723-Ma-old
Tumbiana Formation (Fortescue Group) of Western Australia. (¢) Conical

components of such microbes, like those of all living systems,
are geochemically labile — converted over geological time to
coaly kerogen, a geochemically stable complex mix of inter-
linked polycyclic aromatic hydrocarbons — the classification
of cyanobacterial fossils is necessarily based on their mor-
phology, not on their original biochemistry.

2.3.2 Identification of the Major Fossil Types

Four major categories of prokaryotic microbes are known
from the fossil record: (1) cyanobacteria; (2) prokaryotes of
uncertain systematic relations; (3) sulphate-reducing bacteria;

stromatolite and (d) stratiform and conical stromatolites from the
~2,985-Ma-old Insuzi Group, South Africa. (e-i) Domical (e), strati-
form (f), and laterally linked conical stromatolites (g through i) from
the ~3,388-Ma-old Strelley Pool Chert of Western Australia

and (4) methane-producing archaeans. Of these, the fossils of
uncertain relations (viz., Prokaryotes Incertae Sedis) are all
regarded as members of the Bacterial rather than the Archaeal
Domain, the uncertainty of their systematic position reflecting
their morphological similarity both to cyanobacteria and to
members of noncyanobacterial bacterial groups. The sul-
phate-reducers and the methane-producers are known only
from isotopic evidence, not from morphologically preserved
cellular fossils. Of the four categories, cyanobacteria have the
best-documented fossil record, known from thousands of
specimens cellularly preserved in hundreds of geological
units. Many such fossils are indistinguishable from members
of extant cyanobacterial taxa, not only in their morphology
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and cellular structure but also in their life cycles and inferred
processes of cell division as well as their ecological setting,
the biotic structure of the communities in which they occur,
and the types of stromatolites they produce.

In comparison with other prokaryotes, whether bacterial or
archaeal, most cyanobacteria have somewhat larger cells and
more complex morphology. Because of their light-requiring
photosynthetic metabolism, cyanobacteria occupy the upper-
most surface of microbial mats, rather than lower regions of
such biocoenoses where decay and cellular disintegration are
prevalent. For this reason, cyanobacteria have a higher prob-
ability of becoming incorporated in the fossil record as cellu-
larly intact specimens than do other prokaryotes, especially
if they are preserved by permineralization during the early
stages of sediment lithification. Of the various morphologi-
cal components of cyanobacteria, extracellular sheaths and
envelopes, initially composed largely of carbohydrates and
relatively resistant to degradation, are the most commonly
preserved. Although physically robust and organic-rich, cell
walls are somewhat less commonly preserved, and in the
cells of fossilized cyanobacterial filaments, the originally
peptidoglycan-containing thick lateral walls are more com-
monly preserved than the thinner peptidoglycan-deficient
transverse walls. The intracellular biochemical and structural
components of such cells (e.g. ribosomes, proteins, strands
of DNA, RNA and the like) are evidently never preserved
intact. Not only are such components geochemically unsta-
ble (degrading to their monomeric constituents within a few
to tens of thousands of years), but also, along with the watery
intracellular milieu, such organics are typically leached out of
such cells during preservation or, if recombined into kerogen,
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occur as constituents of small coaly carbonaceous intracel-
lular bodies, collapsed remnants of degraded protoplasm.

2.4  Cyanobacterial Fossils

The fossil record of cyanobacteria, summarized here based
on specimens preserved in Precambrian-age deposits where
the group is well-known and best documented, is composed
primarily of oscillatoriacean and nostocacean filaments and
of chroococcacean, entophysalidacean and pleurocapsacean
coccoid to ellipsoid unicells and colonies. Members of these
five cyanobacterial families — each of which is discussed, in
turn, below — are the principal components also of modern
mat-building microbial stromatolitic communities.

2.4.1 Filamentous Cyanobacteria

2.4.1.1 Oscillatoriaceae

Among the five families of cyanobacteria that are well
represented in the fossil record, the Oscillatoriaceae,
cyanobacteria characterized by simple unbranched uniseriate
trichomes composed of discoidal, equant, or elongate cells,
has the most extensive record, represented by diverse fossils
inhundreds of ancient microbial communities. Representative
Precambrian examples (~775- to ~800-Ma in age) are shown
in Fig. 2.4b d, through f, compared with modern morpho-
logical analogues (Fig. 2.4a, c). Although the trichomes of
many extant oscillatoriaceans maintain a uniform diameter
throughout their length (e.g. Fig. 2.4a, i, n, 0), some typically
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Fig. 2.4 Modern and fossil oscillatoriacean cyanobacteria: Fossil
specimens are in petrographic thin sections of stromatolitic cherts
from the ~800-Ma-old Bitter Springs Formation of central Australia
(b, d, g, h, aa and bb) and the ~775-Ma-old Chichkan Formation of
southern Kazakhstan (e, f, k through m, and p through x), and in acid-
macerates of siltstones from the ~1,020-Ma-old Lakhanda Formation
(j) and ~850-Ma-old Miroedikha Formation (z), both of Siberia, Russia.
(a, b) Optical images of modern Oscillatoria sp. (a) and the morpho-
logically similar fossil Oscillatoriopsis breviconvexa (b). (¢, d) Optical
images of modern Oscillatoria amoena (¢) and its fossil counterpart,
Cephalophytarion grande. (e, f) Optical montage (e), composed of six
micrographs (denoted by the white lines) and, in (d), a confocal laser
scanning microscopy (CLSM) image of fossil Oscillatoriopsis sp. show-
ing its discoidal medial cells. (g, h) Optical montage (g), composed of
ten photomicrographs (denoted by the white lines) and a CLSM image
(h) of a cellular trichome (Cephalophytarion laticellulosum) that descends
from where it transects the upper surface of the thin section (at the far
right) to a depth of 20 um (at the far left). (i, j) Optical images of mod-
ern Lyngbya sp. and its fossil counterpart, Paleolyngbya helva; arrows
point to trichome-encompassing tubular organic sheaths. (k—-m) Optical
(k and 1) and a CLSM image (m) of Siphonophycus solidum, the extra-
cellular tubular sheath of an oscillatoriacean cyanobacterium, the red
rectangle in (k) denoting the area imaged in (I) and (m). (n, 0) Optical
images of two specimens of modern Oscillatoria sp. showing the rounded
terminal cells (left), disc-shaped medial cells, and partial septations
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(arrows) characteristic of oscillatoriacean cyanobacteria. (p) Optical
image of fossil Oscillatoriopsis media descending into a thin section at
a low angle from left to right, shown in a photomontage in which the
red rectangles denote the areas of the trichome shown in CLSM images
(q through u) and three-dimensional Raman images (v through x).
(q) The trichome terminus, showing its rounded end-cell and subtending
disc-shaped medial cells. (r) Part of the trichome situated ~14 pm deeper
in the section than the trichome terminus (and ~28 pm below the upper
surface of the section) that exhibits partial septations (arrows) like
those shown in (n) and (0). (s—u) A deeper part of the trichome (~39 um
below upper surface of section) that similarly exhibits partial septations
(arrows), in (s) and (t) showing the specimen as viewed from above its
upper surface [the same perspective as shown in (p), but in (t) with the
trichome tilted slightly to the right to show its interior], and in (u) showing
the trichome as viewed from its side. (v—x) Three-dimensional Raman
images (acquired in a spectral window centered in the kerogen “G” band
at ~1,605 cm™) showing the kerogenous composition of the trichome
and its partial septations: (v), the part of specimen denoted by the red
rectangle in (s), as viewed from above the trichome; (w), the part denoted
in (t), titled slightly to the left; (x), the part denoted in (u), showing the
specimen from its side. (y—bb) Optical photomicrographs (y through aa)
and a CLSM image (bb) showing modern Spirulina (a) for comparison
with its helically coiled fossil counterparts, a Spirulina-like trichome in
(z) and, in (aa) and (bb), Heliconema funiculum, in (aa) shown in
montage composed of five photomicrographs (denoted by white lines)
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taper toward their apices (Fig. 2.4¢), tapered trichomes that are
also recorded in fossil examples (Fig. 2.4d, g, h). In addition,
although many modern oscillatoriacean trichomes lack (or are
enclosed by a very thin) extracellular tubular sheath (e.g.
Oscillatoria: Fig. 2.4a, c, n, 0), others, such as Lyngbya are
encompassed by a prominent mucilaginous sheath (Fig. 2.41)
which, like the cell walls of oscillatoriacean trichomes, can
be preserved in fossil specimens (Fig. 2.4j—m).

The trichomes of the great majority of members of the
Oscillatoriaceae are characterized by rounded terminal cells,
disc-shaped medial cells, and partial septations, incipient
cell walls that grow inward to produce daughter cells (arrows
in Fig. 2.4n, o). Although in fossil specimens such thin incip-
ient cell walls are rarely evident by optical microscopy, two
techniques recently introduced to such studies (Schopf and
Kudryavtsev 2005; Schopf et al. 2002, 2005, 2006) — confocal
laser scanning microscopy (CLSM) and Raman imagery — can
be used to establish their presence. For example, compare
the photomicrographs of modern Oscillatoria (Fig. 2.4n, o)
with that of its fossil equivalent, Oscillatoriopsis media,
shown in Fig. 2.4p in a thin slice of chert (a ~100-pum-thick
petrographic thin section) from the ~775-Ma-old Chichkan
Formation of southern Kazakhstan. Because of the CLSM
detectable laser-induced fluorescence of the coaly kerogen
(primarily, interlinked polycyclic aromatic hydrocarbons)
that comprises the cell walls of the fossil, its detailed cellular
structure is appreciably better defined in the CLSM images
(Fig. 2.4q—u) than in the corresponding optical image
(Fig. 2.4p), whereas 3-D Raman imagery documents the car-
bonaceous composition of its permineralized (quartz-infused)
cells (Fig. 2.4v—x).

The cells of modern oscillatoriaceans divide by the
centripetal invagination of partial septations that fuse in the
center of a cell to produce transverse cell walls. The lateral
cell walls of such trichomes are about twice the thickness of
their transverse walls and they contain rigidifying pepdido-
glycans that are absent from partial septations and transverse
walls except at the cell periphery (Pankratz and Bowen 1963;
Frank et al. 1971; Halfen and Castenholz 1971; Drews 1973).
Because of these differences, lateral cell walls tend to be
relatively well preserved in fossil specimens whereas the
thinner transverse walls, like their precursor partial septations,
are typically preserved only in part. Despite these differ-
ences, use of CLSM to analyze fossil specimens shows the
presence of such partial septations (arrows in Fig. 2.4r—u),
with 3-D Raman imagery (Fig. 2.4v—u) confirming their
carbonaceous composition. Not only do such data establish
the oscillatoriacean affinities of such fossil cellular trichomes,
showing that they are morphologically essentially identical
to living members of the family, but they indicate also that
their cell division occurred by the same genetically deter-
mined processes as their modern counterparts. Data such
as these show that the fossil record of the Oscillatoriaceae
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extends deep into geological time and that such cyanobacteria
have changed little or not at all over thousands of millions of
years (Schopf 1994a, 1999, 2009).

In addition to cellular (e.g. Oscillatoria) and prominently
ensheathed trichomes (e.g. Lyngbya), the Oscillatoriaceae
includes distinctive spirally wound filaments such as the
modern Spirulina shown in Fig. 2.4y. As shown in Fig. 2.4z
through bb, such Spirulina-like helically coiled filaments are
known also from the Precambrian fossil record.

2.4.1.2 Nostocaceae

In comparison with the fossil record of oscillatoriaceans, that
of similarly filament-forming nostocaceans is poorly known.
A characteristic of the Nostocaceae is the presence of inter-
calary heterocysts, thick-walled cells that permit the nitroge-
nase enzyme complex of filaments living in a well-oxygenated
environment to fix N,, and which only develop when the
organism is deprived of other usable N sources (Schopf
1978). As bacterially generated ammonia is plentiful in stro-
matolitic microbial communities, neither fossil nor modern
filamentous cyanobacteria in them are heterocystous. Such
differentiated cells being first known from the Devonian
Rhynie chert (Kidston and Lang 1922). Nevertheless, based
on organismal and cellular morphology, numerous
Precambrian fossils have been assigned to the Nostocaceae.
Two such examples are shown in Fig. 2.5b, c,compared with
modern Nostoc (Fig. 2.5a). Nostocaceans are also repre-
sented in the Precambrian record by elongate spore-like cells
such as Archaeoellipsoides (Horodyski and Donaldson 1980)
that date back to ~2,100 Ma ago and closely resemble the
reproductive akinetes of extant members of the family
(Golubi¢ et al. 1995). One such fossil (Archaeoellipsoides
longus) is shown in Fig. 2.5d through f. The temporal distri-
bution of the Nostocaceae fits well with the timing of the
Great Oxidation Event, ~2,400 Ma ago, before which the
nitrogenase-protecting heterocysts of akinete-producing
nostocaceans would have been of little selective
advantage. Further, rRNA phylogenies indicate that the
Nostocaceae, like other heterocystous cyanobacterial fam-
ilies, originated in a burst of evolution well after the
appearance of families composed of non-heterocystous
coccoid, ellipsoid and filamentous taxa (Giovannoni et al.
1988; Zehr et al. 1997). Like other cyanobacteria, nosto-
caceans appear to have evolved little or not at all since their
origination more than 2,000 million years ago (e.g. compare
Fig. 2.5a with b and ¢).

2.4.2 Coccoid and Ellipsoid Cyanobacteria
2.4.2.1 Chroococcaceae

Figure 2.6 shows numerous specimens of fossil chroococca-
ceans, characterized by their typical occurrence in envelope-
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Fig.2.5 Modern and fossil nostocacean cyanobacteria: (a) Modern
Nostoc PCC 7936 for comparison with two specimens of Veteronostocale
amoenum (b, ¢) shown in a petrographic thin section of stromatolitic
chert from the ~800-Ma-old Bitter Springs Formation of central
Australia. (d-f) Archaeoellipsoides longus, ankinete characteristic of
nostocacean cyanobacteria, from a thin section of the ~775-Ma-old
Chichkan Formation of southern Kazakhstan, shown in an optical
photomicrograph (d) and in (e) and (f), in confocal laser scanning
micrographs: in (e), from above the specimen, the same perspective as
in (d); in (f), from below the specimen, showing its smooth lower side

enclosed colonies composed of a few to many coccoid cells.
Although chroococcaceans are usually major components of
stromatolitic communities, they are almost always of lesser
abundance than filamentous mat-building cyanobacteria.
Fossils referred to the Chroococcaceae range from isolated
single cells, not uncommonly enveloped by multilamellated
sheaths (Fig. 2.6a), to pairs (Fig. 2.6b, c¢) or quartets of
sheath-enveloped (Fig. 2.6d-h) or sheath-lacking (Fig. 2.6k—s)
spheroidal cells. Some such specimens exhibit a flat-sided
“lima bean-shape” (Fig. 2.6b, c, h, p—s) that evidences their
formation by cell division like that of modern chroococca-
ceans, whereas others occur in large aggregates of geometri-
cally ordered (Fig. 2.6i) or irregularly distributed (Fig. 2.6j,
t, u) close-packed colonial cells. As shown in Fig. 2.60, 1, s,
studies by CLSM provide high-resolution three-dimensional
images of such rock-embedded fossils unavailable from stan-
dard photomicrography. Virtually all fossil chroococcaceans

are similar in salient characteristics (e.g. cell size, cell shape,
ensheathed habit, colonial organization, environmental set-
ting) to extant members of the family (compare, for exam-
ple, Fig. 2.6g, h).

2.4.2.2 Entophysalidaceae

Other fossil cyanobacteria, typically occurring in globose to
pustular colonies composed of large numbers of small ellip-
soid cells and known from deposits as old as ~2,600 Ma
(Altermann and Schopf 1995), are notably similar to modern
members of the cyanobacterial family Entophysalidaceae. A
rather typical example is shown in Fig. 2.7b, a part of
a colony of fossil Eoentophysalis belcherensis (Hofmann
1976) preserved in stromatolitic chert of the ~2,100-Ma-old
Kasegalik Formation of Canada, compared with living
Entophysalis (Fig. 2.7a) present in a modern stromatolitic
microbial mat community. The similarities between such
modern and fossil cyanobacteria are striking: not only are the
fossil and modern species morphologically indistinguishable
(in cell shape, and in the form and arrangement of originally
mucilaginous cell-encompassing envelopes), but they exhibit
similar frequency distributions of dividing cells and essen-
tially identical patterns of cell development (resulting from
cell division in three perpendicular planes); they form micro-
texturally similar stromatolitic structures in comparable
intertidal to shallow marine environmental settings; they
undergo essentially identical postmortem degradation
sequences; and they occur in comparable microbial commu-
nities, similar both in species composition and in overall
diversity (Golubi¢ and Hofmann 1976). Moreover, both in
modern and in fossil stromatolites, such entophysalidaceans
can be sufficiently abundant to be important mat-formers as
shown for a fossil in Fig. 2.7¢c, stromatolitic layers formed by
laterally linked colonies of Eoentophysalsis in Kasegalik
Formation stromatolites.

2.4.2.3 Pleurocapsaceae

Like entophysalidaceans, baeocyte-producing pleurocapasa-
cean cyanobacteria have an ancient fossil record (Zhang and
Golubi¢ 1987). Shown in Fig. 2.8b, for example, is a part of a
colony of the Precambrian pleurocapsacean Paleopleurocapsa
reniforma compared with modern Pleurocapsa sp., its living
morphological counterpart (Fig. 2.8a). Such fossil and living
pleurocapsaceans can be compared in detail. The most studied
such example, Polybessurus bipartitus, first reported from
~775-Ma-old stromatolites of South Australia (Fairchild
1975; Schopf 1977), is a morphologically distinctive cylin-
drical fossil pleurocapsacean composed of nested cup-shaped
envelopes that extend into long tubular stalks oriented per-
pendicular to the substrate (Fig. 2.8c—h). Specimens of this
taxon in rocks of about the same age from East Greenland
have been described as being “a close morphological,
reproductive, and behavioral counterpart” to the modern



26 JW. Schopf




2 Fossil Record

27

Fig. 2.7 Modern and fossil entophysalidacean cyanobacteria:
(a) Modern Entophysalis sp. for comparison with (b) Eoentophysalis
belcherenisis, in a petrographic thin section of stromatolitic chert of the
~2,100-Ma-old Kasegalik Formation from the Belcher Islands, Canada.

pleurocapsacean Cyanostylon present “in Bahamian envi-
ronments similar to those in which the Proterozoic fossils
occur” (Green et al. 1987, p. 928). Another fossil pleuro-
capsacean (Palaeopleurocapsa wopfnerii), described from
the ~770-Ma-old Skillogalee Formation of South Australia,
has been compared with its living morphological and eco-
logical analogue (Pleurocapsa fuliginosa) and interpreted
as “further evidence of the evolutionary conservatism of
[cyanobacteria]” (Knoll et al. 1975, p. 2492). Two other
species of morphologically distinct fossil pleurocapsaceans
(the endolithic Eohyella dichotoma and E. rectroclada),
regarded as “compelling examples of the close resemblance
between Proterozoic prokaryotes and their modern counter-
parts” (Knoll et al. 1986, p. 857), have been described from
the East Greenland geologic sequence as being “morphologi-
cally, developmentally, and behaviorally indistinguishable”
from living Hyella of the Bahama Banks (Green et al. 1988,
pp. 837-838).

<

(c) Low-magnification optical image of pustular stromatolitic laminae
formed by laterally interlinked (at arrows) entophysalidacean colonies
in these stromatolitic cherts

2.4.3 Synopsis

Given the foregoing, it is well established that:
* the fossil record of the cyanobacterial lineage extends deep
into geological time, to earlier than the GOE at ~2,450 Ma;
¢ this record, based on thousands of fossils from hundreds
of geological units, is particularly well documented
for five cyanobacterial families: the Oscillatoriaceae,
Nostocaceae, Chroococcaceae, Entophysalidaceae, and
Pleurocapsaceae; and
* many members of these families have evidently evolved
little or not at all over thousands of millions of years.
One major question has yet to be resolved, namely, When
did O,-producing cyanobacteria first emerge? Evidence from
Archean-age (>2,500-Ma-old) rocks may hold the answer.
Two key lines of evidence must be considered: (1) the
Archean record of microbial fossils and (2) the organic
geochemical evidence of ancient microbes preserved in such
ancient rocks. Each of these is addressed below.

<

Fig. 2.6 Modern and fossil chroococcacean cyanobacteria: Fossil
specimens are in petrographic thin sections of stromatolitic cherts
from the ~1,000-Ma-old Sukhaya Tunguska Formation of Siberia,
Russia (a and i), the ~800-Ma-old Bitter Springs Formation of
central Australia (b through f and j), the ~1,500-Ma-old Satka
Formation of Bashkiria, Russia (h), and the ~775-Ma-old Chichkan
Formation of Siberia, Russia (k through u). (a-h) Sheath-enclosed
Gloeocapsa-like cyanobacteria, spanning a range of morphologies
from a multilamellated single cell (a), to a sheath-enveloped cell-pair
(b and c¢), to four-celled sheath-enclosed colonies (d through h) that
illustrate the similarity of modern Gloeocapsa sp. (g) and its fossil
counterpart (Gloeodiniopsis uralicus, shown in h). (i, j) Many-celled

colonies of fossil chroococcaceans. (k—-o0) 4-celled colony of fossil
chroococcaceans showing that, in comparison with optical images
obtained at sequentially increasing focal depths (k through n), appre-
ciably more information can be provided by a single confocal laser
scanning microscope (CLSM) image (0). (p—s) Optical (p and q) and
CLSM (r and s) images of a four-celled fossil chroococcacean colony
of decussate cells (Myxococcoides dilutus): (p), upper cell pair;
(q), lower cell pair; (r), CLSM image from the perspective shown in
(p) and (q); (s), the image shown in (r) rotated to show the underside
of the decussate tetrad. (t, u) Optical (t) and CLSM (u) images of a
many-celled fossil chroococcacean (Myxococcoides inornata) envel-
oped by a diaphanous sheath
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Fig. 2.8 Modern and fossil
pleurocapsacean cyanobacteria:
(a) Modern Pleurocapsa sp. (PCC
7327) for comparison with (b)
Paleopleurocapsa reniforma in

a petrographic thin section of
stromatolitic chert from the
~775-Ma-old Chichkan Formation
of southern Kazakhstan.

(c-h) Specimens of the colonial
stalk-forming pleurocapsacean
cyanobacterium Polybessurus
bipartitus in petrographic thin
sections of stromatolitic chert from
the ~775-Ma-old River Wakefield
Formation of South Australia:
longitudinal (c) and transverse
sections (d) of a colony of
pincushion-like vertically oriented
and originally mucilaginous
extracellular stalks; (e) a
multilamellated ellipsoid cell

at the upper end of a stalk; (f and g)
longitudinal sections of
asymmetrically laminated
mucilaginous stalks, in (f) capped
by the ellipsoid stalk-forming cell;
(h) interpretive drawings (based
on tracings of photomicrographs)
showing from (/) through (4)

the ontogeny of stalk-formation

2.5 Archean Microbial Fossils

Although cyanobacteria are certain to have been extant by
2,450 Ma ago, and though the O,-producing photosynthesis
that characterizes the group must have originated appreciably
earlier, exactly how much earlier remains to be established.
Is this uncertainty due to the petering-out over time of the
rock record (and the fossil-destroying metamorphic alteration
to which the older surviving rocks have been subjected), or,

rather, does the fossil record, as now known, evidence the
true evolutionary history of the cyanobacterial lineage?
Fossils classed as Bacteria Incertae Sedis — that is, fossil
prokaryotes of the Bacterial Domain that cannot be referred
with certainty to a particular bacterial group — are known
throughout the geological record. For virtually all such fossils,
the uncertainty in their classification stems from their morpho-
logical similarity both to cyanobacteria and to noncyanobac-
terial bacteria. Such remnants constitute the great majority of
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the fossils now known from Archean-age rocks. Because of
geologic recycling, only about 5% of rocks exposed at the
Earth’s surface date from the Archean (Garrels and Mackenzie
1971). Not surprisingly, therefore, the record of Archean
microbial fossils is sparse, in the interval between 2,500 and
3,500 Ma reported from only some 40 rock units and com-
prising only six broad bacterium-like morphotypes (Schopf
2006). Nevertheless, of these geological units, 14 date from
the interval between 3,200 and 3,500 million years ago, well
evidencing the presence of microbe-level life this early in
Earth history.

The Archean fossil microbes most studied are those of the
~3,465-Ma-old Apex chert of northwestern, Western Australia
(Schopf 1992a, 1993, 1999; Schopf et al. 2002, 2007). Shown
in Fig. 2.9. are specimens of Primaevifilum conicoterminatum
(Fig. 2.9a, b) and P. amoenum (Fig. 2.9c—m), two of 11 taxa
of filamentous microorganisms described from this unit
(Schopf 1993). These distinctly cellular microscopic fossils,
and many of the nine other taxa reported from the deposit, are
“cyanobacterium-like” in their morphology and cellular
anatomy (e.g. compare Fig. 2.9c—g with Fig. 2.4b, d, g).
Nevertheless, because of microbial mimicry — the occurrence
of more or less identical morphologies in taxa of oxygenic and
non-oxygen-producing microbes (Schopf 1992b, 1999) —
organismal and cellular morphology, in and of themselves,
cannot provide firm evidence of the physiological capabilities
of such very ancient microbes (Schopf 1993). This uncer-
tainty could be resolved were the Archean fossil record, like
that of the Proterozoic, sufficiently continuous and well-
documented to unambiguously link younger fossils of well-
established affinities to their older, and typically less well
preserved, evolutionary precursors.

2.6 Organic Geochemical Evidence

of Archean Microbes

The existence both of microbially laminated stromatolites and
of “cyanobacterium-like” microscopic fossils in rocks dating
from ~3,500 Ma ago suggests — but does not establish — that
cyanobacteria were extant at this very early stage in Earth
history. Rather, such stromatolites and fossils might actually
evidence the presence of non-O,-producing photosynthetic
bacteria, evolutionary precursors of the cyanobacterial lin-
eage. In an effort to resolve this question, we will now turn
to the data provided by the chemistry of preserved Archean
organic matter.

2.6.1 Hydrocarbon Biomarkers

Extraction, isolation, and identification by gas chromatogra-
phy-mass spectroscopy of organic biomarkers, particularly
of various types of hydrocarbons, have provided useful
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insight into the nature of Precambrian life. For example,
identification of the protozoan biomarker tetrahymenol in
~930-Ma-old sediments of the Grand Canyon, Arizona
(Summons 1992), supported by the presence of fossils of
testate amoebae in the same sedimentary sequence (Bloeser
et al. 1977; Bloeser 1985; Schopf 1992c; Porter and Knoll
2000), has established a minimum age for the Proterozoic
origin of protozoan protists.

In general, however, such studies have not proven useful
to Archean-age deposits. Among the most promising of the
few such reports is that of steranes (hydrogenated deriva-
tives of steroids, such as cholesterol) identified in extracts
of ~2,700-Ma-old carbonaceous shales of northwestern
Australia (Brocks et al. 1999). This finding is unexpected,
since steroids occur almost exclusively in eukaryotic cells
(e.g. Summons et al. 2006), principally as the components of
intracellular membranes, and assured fossil eukaryotes
(relatively large-celled spheroidal phytoplankton) are known
earliest from sediments ~1,800 Ma in age (Schopf 1992c)
that are nearly a billion years younger than the sterane-
containing rocks. However, if the reported steranes date from
~2,700 Ma ago, their occurrence would seem to indicate
that biologically produced molecular oxygen must have
been present in the local environment: steroid biosynthesis
involves numerous O,-requiring enzyme-mediated steps
(for cholesterol, 11 such steps, beginning with the cycliza-
tion of squalene: Schopf 1978; Summons et al. 2006), and
the presence of ~2,700-Ma-old steranes would therefore
imply that O,-producing photosynthesizers must also have
been present, since there is no other plausible source for pro-
duction of the free oxygen required for steroid synthesis.

The interpretation of these reported biomarkers is compli-
cated. Although it seems clear that the sterane-containing
shales have been dated correctly, potential contamination
from modern sources (e.g. from drilling fluids or introduced
during laboratory analyses) is an ever-present problem in
such studies. All organic compounds are soluble to some
extent in ground water and for this reason can be introduced
into rocks long after their deposition, from not only modern
but also geologically ancient sources. Moreover, because
there are no techniques by which to determine directly the age
of organic compounds extracted from ancient sediments, it is
difficult to show definitively that such organics are synge-
netic with the rock in which they occur. Because of these
and related problems, Rasmussen et al. (2008) suggested that
the Australian shale-associated steranes are much younger
than ~2,700 Ma, most probably less than ~2,200 Ma in age.
However, subsequent, more detailed studies that correlate
the distribution of these biomarkers with their carbon isoto-
pic compositions and their differing paleoecologic settings
provide convincing evidence that they are syngenetic with
rocks from which they have been reported (Eigenbrode
et al. 2008). And these results showing the syngenicity of
such biomarkers with their enclosing sediments have even
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Fig.2.9 Thin section-embedded filamentous bacteria Incertae Sedis
(of uncertain systematic position) from the ~3,465-Ma-old Apex chert
of northwestern Western Australia; all Raman images (h through m)
were acquired in a spectral window centred in the kerogen “G” band at
~1,605 cm™. (a, b) Optical images of two specimens of Primaevifilum
conicoterminatum, characterized by their discoidal medial cells and
conical terminal cells. (c—g) Optical images of four specimens of
Primaevifilum amoenum, in (f) and (g) showing two views of the same
specimen situated 3—9 pum below the thin section surface; the red rectangle

more recently been duplicated in studies of essentially the
same suite of biomarkers extracted from multiple horizons of
South African rock units ~2,600 Ma in age obtained from
two boreholes geographically separated by some 24 km
(Waldbauer et al. 2009).

in (g) denotes the part of the filament shown in (h) through (m).
(h) 3=D Raman image; the organic (carbonaceous, kerogenous) filament
(gray) is cylindrical and, like younger Precambrian chert-embedded cel-
lular fossils (Figs. 2.4b through h and p through x; 2.5b and c; 2.6a through
i and h through u; 2.7b; and 2.8b, e and f), is composed of quartz-filled
cells (white). (i-m) 2-D Raman images at sequential depths below the
filament surface (i, at 0.75 pm; j, 1.5 pm; k, 2.25 um; 1, 3.0 um; m,
3.75 um); arrows in (i) point to quartz-filled cell lumina (black) defined
by kerogenous cell walls (white), evident also in (j through m)

Taken together, the available data indicate that sterane
biomarkers date to ~2,700 Ma ago, well before the Great
Oxidation Event of the early Proterozoic. As such, these
biomarkers represent strong presumptive evidence of O,-
producing photoautotrophy during Archean Earth history.
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2.6.2 Carbonaceous Kerogen

In contrast to extractable biomarkers, kerogen, the insoluble
particulate organic matter of ancient sediments — whether in
cherts or shales, and whether occurring as the carbona-
ceous constituents of cellularly preserved fossils, such as
those illustrated here, or as finely divided dispersed coaly
particles — is immobile, locked within its embedding rock
matrix. In all carbonaceous rocks, whether Phanerozoic or
Precambrian and whether or not they contain identifiable
fossils, such kerogen occurs entirely or almost entirely as
small particles of carbonaceous debris. Because this carbo-
naceous matter is demonstrably syngenetic with its encom-
passing mineral matrix, and because it comprises the great
bulk of the carbonaceous components of ancient rocks, most
analyses of Precambrian organic matter, and virtually all
studies of Archean organic matter, have focused on the
chemistry of kerogen. Three types of analyses have proved
useful: (1) Raman spectroscopy of its molecular structure;
(2) solid-state '*C nuclear magnetic resonance (NMR)
and X-ray absorption near-edge spectroscopy (XANES)
studies of its elemental composition and functional groups;
(3) mass spectrometric measurements of its carbon isotopic
composition.

As shown in Figs. 2.4v through x and 2.9h through m,
2-D and 3-D Raman imagery provide firm evidence of the
carbonaceous (kerogenous) composition of cellular pre-
served Precambrian microorganisms. Moreover, the Raman
spectra on which such images are based can be analyzed to
yield the Raman Index of Preservation (RIP) value of the
kerogen that comprises the fossils (Schopf et al. 2005).
These analyses provide an objective quantitative measure of
the geochemical maturity (i.e. fidelity of preservation) of the
fossilized organics that is of increasingly widespread use in
palaeontology (e.g. Chen et al. 2007; Schopf et al. 2008,
2010; Schopf and Kudryavtsev 2009; Igisu et al. 2009).
Thus, the oscillatoriacean trichome from the ~775-Ma-old
Chichkan Formation shown in Fig. 2.4p through x has an RIP
value of 8.6 (Schopf et al. 2010) indicating that it kerogenous
components are only slightly more geochemically altered
than those of the especially well-preserved Precambrian
cyanobacteria from the ~800 Ma Bitter Springs Formation of
central Australia shown in Figs. 2.4b, d, aa, 2.5b, ¢, and
2.6b through f and j (RIP=9.0; Schopf et al. 2005). In con-
trast, the kerogenous cell walls of ~3,465-Ma-old filamentous
fossil microbes from the Apex chert of northwestern Western
Australia shown in Fig. 2.9a through m are geochemically
more mature, having an RIP value of 5.0 (Schopf and
Kudryavtsev 2009), but are decidedly less altered than the
organic components of cyanobacteria preserved in many
other Precambrian deposits (Schopf et al. 2005), such as the
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highly graphitized stalk-forming pleurocapsaceans from the
~750-Ma-old River Wakefield Formation of South Australia
shown in Fig. 2.8c through h (RIP=1.0; Schopf et al. 2005).
Although such data provide strong evidence of the biogenic-
ity of the individual fossils analyzed (Schopf et al. 2008),
they do not reveal their physiological characteristics.

Similarly, while studies using 'C nuclear magnetic
resonance and X-ray absorption near-edge spectroscopy have
provided compelling evidence of the biological origin of the
carbonaceous kerogen preserved in ~3,500-Ma-old deposits,
they, too, are incapable of demonstrating the presence of
O,-producing cyanobacteria. Two recent publications illus-
trate the applicability of these techniques. Derenne et al.
(2008) used 'C NMR to analyze pyrolysates of kerogen
isolated from the ~3,490-Ma-old Towers Formation of
northwestern Western Australia by which they documented
the presence of aliphatic carbon (CH, and CH,), aromatic
C=C (present in the polyaromatic hydrocarbons of which
such kerogens are predominantly composed), and C-O and
C=0 functional groups, and demonstrated also the occurrence
of an homologous series of long chain (C,-C ;) aliphatic
hydrocarbons exhibiting an odd-over-even carbon number
predominance, “a unique characteristic of organics formed
biologically since it reflects biosynthesis using addition of
C2 units” (Derenne et al. 2008, p. 479). DeGregorio et al.
(2009) used XANES, backed by other techniques, to estab-
lish the biological origin of kerogen in the ~3,465-Ma-old
Apex chert, also of northwestern Western Australia and
the source of the cellular filamentous Archean microbes
illustrated in Fig. 2.9. Their comparative study of the Apex
kerogen and that of the well-known microfossil-bearing
~1,900-Ma-old Gunflint chert of southern Ontario, Canada
(Barghoorn and Tyler 1965; Cloud 1965), showed that the
Apex kerogen contains functional groups — specifically,
“carboxyl [-COOH] and phenol [C_ . -OH] peaks” —and
that “Apex carbonaceous matter and Gunflint kerogen are
chemically complex ... [both containing] similar amounts
of nitrogen, sulfur, and phosphorous [in which the presence
of phosphorus, in particular] implies a biogenic origin”
(DeGregorio et al. 2009, p. 632). Like two- and three-
dimensional Raman imagery and the Raman spectral analyses
discussed above, these studies establish “that the Apex
microbe-like features represent authentic biogenic organic
matter” (DeGregorio et al. 2009, p. 631) — an important
conclusion that lays to rest the claim that the cellular fossils
of the Apex chert and the organic matter of which they are
composed are of non-biological origin (Brasier et al. 2002).
Nevertheless, and again like the Raman data, even such
detailed NMR and XANES analyses do not resolve the
question of the Early Archean presence of oxygen-producing
cyanobacteria.
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2.6.3 Carbon Isotopic Evidence
of Photosynthesis

Beginning with the pioneering studies of Park and Epstein
(1963) and Hoering (1967), data have been amassed from
thousands of analyses of the carbon isotopic compositions of
inorganic carbonate minerals and carbonaceous kerogens
coexisting in Precambrian sediments (e.g. Strauss and Moore
1992). Such data show a consistent difference between
the inorganic and organic carbon analyzed in the relative
abundances of the two stable isotopes of carbon, ?C and *C,
that extends from the present to ~3,500 Ma ago (Fig. 2.10).
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The enrichment of the fossil organic matter in the lighter
isotope, 1°C, relative to coexisting carbonate (a proxy for the
seawater-dissolved CO, required for its precipitation),
and the magnitude of the isotopic difference (expressed as
8"C,, values) between the inorganic and organic carbon
reservoirs that invariably falls within a range of 6"°C, .
values of 25 = 10%o, are consistent with the carbon isotopic
fractionation that occurs as a result of Rubisco- (ribulose bis-
phospate carboxylase/oxygenase-) mediated CO,-fixation in
O,-producing cyanobacteria (e.g. Hayes et al. 1983, 1992;
House et al. 2000, 2003). Such evidence of carbon isotopic
fractionation is well documented in rocks ~3,200 to ~3,500 Ma,
the oldest fossil-bearing deposits known (Fig. 2.11).

Despite this strong continuous carbon isotopic evidence
of photosynthesis, dating to ~3,500 Ma ago, it does not nec-
essarily reflect the Archean presence of cyanobacteria.
Because of the mixing of carbonaceous matter from diverse
biological sources that occurs as sediments are deposited and
the alteration of carbon isotopic compositions that can occur
during geological metamorphism, the 8°C,_ . values of the
analyzed kerogen range broadly (£10%0) and, thus, are con-
sistent not only with primary production by cyanobacteria
but by non-O,-producing photosynthetic bacteria as well.
Archean kerogens may have been derived from either or both
of these sources. Moreover, interpretation of the data is com-
plicated by the presence in Archean sediments of carbona-
ceous matter so enriched in "*C as to be plausibly derived
only from CH -metabolizing methanotrophs, indicating that
methane-producing Archaea played a significant role in the
ancient ecosystem (Hayes 1983; Schopf 1994b). [As an
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aside, it should be noted that isotopic analyses of sedimentary
pyrite (FeS,), enriched in S* due to microbial activity, indi-
cate that that sulphate-reducing bacteria were also present in
Earth’s early biota (Schopf 1999, 2009) and that the presence
of C-rich graphitic carbon in the oldest sedimentary rocks
now known, from Akilia Island off southwestern Greenland,
suggests that photosynthetic microbes may have existed as
early as ~3,830 million years ago (McKeegan et al. 2007).]

2.7  Conclusions

Microbial communities composed of members of diverse
prokaryotic lineages have been extant since early in Earth
history (Fig. 2.12). Among such microbes, the most abun-
dant and best documented are cyanobacteria, represented by
members of five families: Oscillatoriaceae, Nostocaceae,
Chroococcaceae, Entophysalidaceae, Pleurocapsaceae.
Perhaps the most striking aspect of the cyanobacterial fossil
record is the large body of evidence that documents the
evolutionary stasis of diverse members of the group over vast
segments of geological time. Such stasis may, or may not
be characteristic of microbial lineages generally, but for
cyanobacteria it is established firmly by the essentially
identical morphologies, life cycles, and ecologic settings
exhibited by cyanobacterial fossils and their modern
counterparts. In this regard, and despite the fact that
cyanobacterial fossils are now known from hundreds of
ancient geological units, it is important to note that active
studies of the fossil record of the group are of relatively
recent vintage and that the documented cyanobacterial fossil

record pales in comparison with that of many animal lineages
such as trilobites, ammonites, corals, clams, brachiopods,
fossils of which have been collected and catalogued for more
than two centuries. While much more evidence would be
needed to sort out rapid evolution like that typical of eukary-
otic plants and animals, even the relatively depauperate
cyanobacterial fossil record now known is sufficient to show
lack of change, maintenance of an evolutionary status quo,
over geologically vast periods.

Given the evidence currently available, the times of origin
of the various cyanobacterial families can be estimated only
approximately (Fig. 2.12) from geological records. Not only
is their known fossil record limited by the fact that studies
are relatively recent, but their preservation in the rock record,
whether as permineralized (petrified) cells in cherty stroma-
tolites or as compressed carbonaceous remnants in shales or
siltstones, requires unusual conditions. Moreover, even for
more readily preservable organisms such as shelled inver-
tebrate animals the oldest detected occurrence of a given
lineage is certain to be younger (and for cyanobacteria,
perhaps very much younger) than first actual occurrences.
For truly ancient organisms like cyanobacteria this problem
is compounded by the incompleteness of the surviving,
potentially fossil-bearing rock record, which becomes
increasingly sparse and patchy in units older than ~2,000 Ma,
a deficiency particularly acute for rocks of Archean-age
(>2,500-Ma-old), which comprise only a miniscule percentage
of deposits that have survived to the present. Yet here, too,
the available data are sufficient to establish that microbial
communities were extant and flourishing early in Earth
history: microbially produced stromatolites are known from
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48 Archean geological units, of which ten date from between
3,200 and 3,500 Ma ago (Fig. 2.2). Bona fide microfossils,
comprising six broad bacterium-like morphotypes, have been
reported from 40 Archean rock units, of which 14 date from
the interval between 3,200 and 3,500 Ma ago (Schopf 2006).
Organic geochemical evidence in the form of sterane bio-
markers in ~2,700-Ma-old rocks and biogenic carbonaceous
kerogen and carbon isotopic evidence in rocks dating to
~3,500 Ma ago well document the presence of microbe-level
life early in Earth history. Taken as a whole, the evidence
indicates that O,-producing cyanobacteria originated earlier
than the Great Oxidation Event at ~2,450 Ma ago; that such
microbes were extant by 2,700 Ma ago; and that the origin of
oxygenic photosynthesis may date from as early as, or even
earlier than, 3,500 Ma ago.

Regardless of their time of origin, the early evolutionary
success of cyanobacteria can be attributed to their photosyn-
thetic production of gaseous oxygen, a toxin lethal to the
earlier-evolved strictly anaerobic photosynthetic bacteria
with which they initially competed for photosynthetic space
(Schopf 1999). Once established, their evolutionary stasis
(hypobradytelic rate of evolution; Schopf 1994a) was in part
a result of their microscopic size and correspondingly huge
populations, their ease of global distribution (by water
currents, winds, hurricanes and the like), and their asexual
reproduction and the lack of genetic variability it provides. The
root of such stasis, however, seems almost certainly to lie in
their exceptional ecologic tolerance (Schopf 1994a). Over
their exceedingly long evolutionary history, cyanobacteria
adapted to the slowly changing global environment — from
anoxic to oxygenic, UV-rich to UV-deficient, CO,-rich to
CO,-deficient, short to increasingly longer day-lengths and,
perhaps, from relatively high ambient temperatures (~60°C)
to that of the present-day Earth (~15°C). The genomes of
cyanobacteria thus encode a history of adaptation unparalleled
by virtually any other group of organisms. Throughout their
remarkably long-term existence, prokaryotic cyanobacteria
have survived and thrived to rank among the most successful
forms of life ever to have emerged in life’s long history.
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Summary

In the last decade advances in high-throughput DNA and RNA
sequencing have driven more intensive surveys of cyanobac-
terial diversity in geothermal systems worldwide and the
development of a deeper understanding of well-studied hot
spring cyanobacterial communities. As a consequence, it is
now possible to build, atop the long-term studies of these
systems based on morphological, pure-culture and initial
16S rRNA observations, a more thorough understanding of
the biogeographical and local distributions of cyanobacteria
in these settings. Population genetics studies with increased
molecular, spatial and temporal resolution have begun to
define the ecological species populations of thermophilic
cyanobacteria and to reveal the processes that drove their
evolution and current ecology. Metagenomic studies have
begun to reveal the functional gene repertoire of the
predominant cyanobacteria and associated members of
communities in which they reside and with whom they
interact. Gene expression studies, including metatranscrito-
mic studies, have begun to reveal patterns of in situ gene
expression.

3.1 Introduction

Dramatic advances in high-throughput molecular approaches
in microbial ecology have, in turn, dramatically improved
understanding of thermophilic cyanobacteria and the
communities they inhabit. The chapter contributed to the
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Fig. 3.1 Hunter’s Hot Springs, (7T by
Oregon: (a) Photograph and
(b) schematic depicting the
approximate downstream
distribution of the predominant
cyanobacteria, Chloroflexus
aurantiacus and one grazing
invertebrate present at the mat
surface in the outflow of most
springs in the Hunter’s Hot
Spring group

previous edition of this book (Ward and Castenholz 2000)
emphasized how molecular methods developed in the 1990s
had reshaped our knowledge of cyanobacteria in geothermal
habitats. In that chapter, we compared the traditional view
offered by microscopy and cultivation with the view emerging
through 16S rRNA analyses. We also expanded the description
of well-studied geothermal microbial communities initiated
by Castenholz (1973a) with the description of Hunter’s Hot
Springs, OR (Fig. 3.1) by adding a description of work con-
ducted at Octopus Spring in Yellowstone National Park
(YNP). This new chapter emphasizes what has been learned
in the past decade as 16S rRNA methods have been used
to more extensively survey the cyanobacteria of geothermal
habitats and, as genomics, metagenonomics, metatran-
scriptomics and metaproteomics have deepened under-
standing of cyanobacteria in well-studied model systems in
Mushroom Spring (Fig. 3.2) and White Creek (Fig. 3.3) in
YNP. As a result, we rely on the previous chapter (Ward and
Castenholz 2000) for coverage of work completed prior to
2000. Many portions of that chapter have been omitted and
reference will be made to figures and tables of that chapter
when necessary. The cyanobacteria found in geothermal
habitats, based on both phenotype and genotype are listed in
Table 3.1.

11 b>90
AL

80

Temperature °C

Synechococcus cf. lividus
Chloroflexus aurantiacus
Geitlerinema cf. terebriformis
| Pleurocapsa sp.

Calothrix sp.

| ostracod

3.2  Distribution of Thermophilic
Cyanobacteria Based on Morphology

and Cultivation

Differences in the composition of cyanobacterial popula-
tions among diverse hot springs can often be discerned by
microscopic examination, based on distinctive morphological
characteristics (Table 3.1 and Fig. 3.2; see also Fig. 1 of
Ward and Castenholz (2000)), although true genotypic
differences or similarities are not revealed by microscopy.
Differences observed between springs a few meters or kilo-
meters from each other are likely to be due to local variations
in chemical composition, temperature or exposure to solar
irradiance. Those differences observed among widely sepa-
rated springs are more likely the consequence of geographic
isolation and the limitations of dissemination. Morphology
can also be assessed from culture isolates from the springs.

3.2.1 Geographic Distribution

Geothermal springs are located non-continuously and may
be likened to islands. They are scattered on all continents
except Antarctica (but steam vents occur on two Antarctic
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Fig. 3.2 Mushroom Spring, YNP and its microbial communities:
(a) Landscape showing the yellow-green mat lining the source
pool and downstream mats in foreground; (b) Synechococcus mats in
source pool and effluent channel; (¢) Photomicrograph of Synechococcus
cells and filaments in upper green mat layer; (d) Low-angle view
of downstream Leptolyngbya (Phormidium) (orange mat on right)
and Calothrix (brown tufts on left) communities with source pool in
background at fop of photo; inset shows ephydrid flies on Leptolyngbya

(Phormidium) mat; (e) Photomicrograph of Leptolyngbya (Phormidium)
filaments together with Synechococcus cells and bacterial filaments
from an orange mart like that shown in (d); (f) Conical structures
in a Leptolyngbya (Phormidium) mat within a quiescent pool; inset
shows silicified cones upon dehydration; (g) Photomicrograph of
Calothrix filaments typical of those in the brown mat in (d). All
photomicrographs are phase contrast images; scale bar is ~10 pm in
(c and e) and ~100 pum in (g)
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Fig. 3.3 White Creek, YNP:
(a) Landscape view looking
downstream with lower
temperature influents from
Octopus Spring and other nearby
hot springs to the right;

(b) Streamers containing
Fischerella laminsosus are found
below ~55°C; (¢) Phase contrast
micrograph of White Creek mat
(~53°C). Note the true-branching
pattern and heterocyst of

F. laminosus near image centre

volcanoes) and on many island groups. Hot springs are
mainly associated with current or recent volcanic activity,
but also with active faulting where surface waters sink deeper,
are heated and then resurface. Often there are great distances
separating hot spring clusters. It is not unreasonable to
believe that there should be endemic species of thermo-
philes, restricted to certain hot spring groups as a result of
geographic isolation and evolutionary divergence of the
microbes. This concept should not be surprising, since dis-
persal of obligate thermophiles from rare and distant point
sources is certainly a limiting factor for some taxa, and the
time between successful long-distance disseminations may
be enough to allow speciation to take place.

A striking anomaly suggesting geographically restricted
distributions of thermophilic cyanobacteria is that all forms
of thermophilic Synechococcus appear to be absent from
Icelandic hot springs (although numerous springs exist
there that appear chemically suitable) (Castenholz 1978)
(Table 3.1). Thermophilic Synechococcus (with slightly
different morphologies) occurin New Zealand and European

springs, but include only forms that grow up to temperature
limits of about 62°C and 58°C, respectively (Castenholz
1969, 1976, 1978, 1996; Ward and Castenholz 2000).
Forms of Synechococcus that grow in nature up to limits
of 73-74°C in the western contiguous United States
and south into Central and South America, are absent in
the geographic regions mentioned above, although they
extend into eastern Asia (Thailand (Sompong et al. 2008;
Castenholz, unpublished data) and China (Yun 1986)).
In contrast, some thermophilic cyanobacteria, such as
Fischerella (Mastigocladus) laminosus morphotypes and
the high temperature forms (HTF) of “Chlorogloeopsis”
appear to be cosmopolitan in distribution (Castenholz
1996). Latitude and daylength do not appear to be very
important in the distribution of thermophilic cyanobacteria,
since many morphotypes similar to those of lower latitude
springs occur in the hot springs of the east coast of
Greenland at 70-71°N. These springs experience complete
darkness in winter and constant daylight in summer
(Roeselers et al. 2007).
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3.2.2 Distributions Determined
by Temperature and Chemistry

Within a local biogeographical region, temperature and pH,
in combination with availability of combined nitrogen, phos-
phorus and other nutrients and/or concentration of free
sulphide (i.e. H,S, HS", S?) determines the distribution of
thermophilic cyanobacteria (Table 3.1).

3.2.2.1 Temperature

Table 3.1 is organized to show the approximate distributions
of thermophilic cyanobacteria relative to temperature (high
to low listed top to bottom). The most notable differences in
a biogeographical sense are the limited distributions of high-
temperature forms. Since all of the listed taxa are not present
in a particular system, we will rely on Sect. 3.2.3 to provide
further insight into distribution related to temperature in
well-studied systems.

3.2.2.2 pH

In hot springs worldwide, cyanobacteria are not observed
below a pH of about 4.0, and their diversity seems quite
limited below pH 6 (Brock 1973). In Yellowstone (Clearwater
Springs and Norris Geyser Basin) Synechococcus spp. or
varieties occur in hot springs with pH values as low as
~5.2, and “HTF Chlorogloeopsis” populations occur at pH
levels as low as ~4.5 (see Ward and Castenholz 2000).
The Synechococcus (clone Y-7C-s) isolated from a pH 5.5
spring in the Clearwater group grew at maximal rates only at
pH levels above pH 7 and thus appeared acidotolerant not
acidophilic (Kallas and Castenholz 1982a, b).

3.2.2.3 Nitrogen and Phosphorus Availability

When the outflows of neutral to alkaline, non-sulphidic hot
springs containing combined nitrogen have cooled to 73—74°C
there is the likelihood (at least in the above mentioned geo-
graphic regions) that a high temperature form (HTF) of
Synechococcus will be present as a biofilm or mat, which may,
in turn, influence the chemistry downstream where other spe-
cies of cyanobacteria enter the thermal gradient. For exam-
ple, the combined nitrogen (usually as NH,*) in the spring
source may be largely removed by Synechococcus. The
Synechococcus ecotypes or species may then be
succeeded downstream (at least below ~58°C) by heterocys-
tous, N, -fixing, cyanobacteria, most commonly Fischerella
(Mastigocladus) laminosus (e.g. White Creek, Lower
Geyser Basin, YNP) but elsewhere by Calothrix spp. below
~53-55°C (unpublished observations). Nitrogen fixation has
been measured at approximately 60°C in hot spring
Synechococcus (Steunou et al. 2006, 2008), and at lower tem-
peratures where heterocystous Fischerella and Calothrix occur
(Stewart 1970; Wickstrom 1980). In contrast, a spring may
be rich enough in combined nitrogen to favour Fisherella

D.M. Ward et al.

without heterocysts (Miller et al. 2006). In other cases,
combined nitrogen may be very low at the source, even in
high-temperature springs, and heterocystous cyanobacteria
may constitute the upper-temperature species at the upper
limit for growth (e.g. “HTF Chlorogloeopsis™ at 64°C in New
Zealand). Possible distribution differences based on phospho-
rous availability have been suggested by comparison of
genomes of Synechococcus strains representative of popula-
tions at different positions along the flow path (Sect. 3.4.1.1).

3.2.2.4 Sulphide Tolerance and Utilization

Many neutral to alkaline geothermal springs contain primary
soluble sulphide in the source water. Sulphide is an effective
inhibitor of photosynthesis and possibly other physiological
processes in the majority of cyanobacteria, but may be used
as a photosynthetic electron donor in some sulphide-tolerant
species (Cohen et al. 1986; Castenholz and Utkilen 1984).
Present evidence indicates that no thermophilic cyano-
bacteria with the capacity to grow above 56°C are capable
of growing in waters with more than ~10 uM sulphide
(Castenholz 1976, 1977; Garcia-Pichel and Castenholz
1990). In sulphide-rich springs of New Zealand the upper-
temperature, sulphide-tolerant and sulphide-utilizing cyano-
bacterium is a Leptolyngbya (“Oscillatoria’) amphigranulata
morphotype (Castenholz 1976). In some hot springs of the
upper Mammoth Terraces, Yellowstone Park, where source
temperatures are ~52°C or below, a sulphide-utilizing
Spirulina labyrinthiformis morphotype (with an upper tem-
perature of 51-52°C) predominates near the sulphide-rich
source (Castenholz 1977). In higher temperature springs, with
similar sulphide concentrations at the source, waters usually
lose all detectable sulphide by the point where the outflow
reaches 52°C and are dominated by less sulphide-tolerant
species at that temperature and below. Non-photosynthetic
sulphide-oxidizing bacteria (e.g. Sulfurihydrogenibium) pre-
dominate in zones below 75-77°C sources in several sulfidic
hot springs in the upper terraces of Mammoth Hot Springs,
YNP (e.g. Inskeep et al. 2010) and are likely to be mainly
responsible for sulphide removal in the upper temperature
zone. Icelandic and Yellowstone springs with primary sulphide
often have mats of photoautotrophic filamentous anoxygenic
bacteria (FAPs; e.g. Chloroflexus, Roseiflexus) at temperatures
of ~66°C down to a temperature where surface-water sulphide
disappears (<~60°C) (Castenholz 1973b; Giovannoni et al.
1987; Klatt et al. 2012b). In a few Icelandic mats, sulphide-
oxidizing FAPs on the mat surface remove sulphide, permitting
sulphide-sensitive cyanobacteria to grow beneath them in the
lower part of the photic zone (Jgrgensen and Nelson 1988).

3.2.2.5 Salinity

Although saline hot springs are rare, those that arise as
hot altered seawater on the Reykjanes peninsula of south-
western Iceland (mid-Atlantic Ridge terrestrial outflow)
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harbor cyanobacteria at temperatures near 40°C. However,
isolates of Leptrolyngbya from this water (the Blue Lagoon)
grew well at three times the salinity of seawater and at a
temperature of 55°C, which was also an unexpected charac-
teristic of some Leptolyngbya isolates from endolithic habitats
in ancient Yellowstone travertine (Banerjee et al. 2009).

3.2.3 Well-Studied Mat Systems

Brief consideration of cyanobacterial diversity based only on
morphology and cultivation is provided in this section. More
detailed descriptions based on molecular sequence data are
presented in Sects. 3.3 and 3.4.

3.2.3.1 Hunter’s Hot Springs, Oregon

These privately owned springs, 3.5 km north of Lakeview,
Oregon (elev. 1,470 m), have been studied periodically by
Castenholz and students since the early 1960s (Fig. 3.1a).
They consist of a series of springs initiating from an
active deep faulting system, many issuing at temperatures
of about 90°C with a pH of 8.0-8.4. The major ions are
sodium (~8.6 mM), chloride (~3.2 mM), silicate (~1.2 mM),
bicarbonate (~1.7 mM) and sulphate (~2.8 mM) (specific
conductance of ~1.1 mS). The chemistry and microbiota of
Hunter’s Hot Springs is characteristic of many hot springs
of the Great Basin (C.E.Wingard and R.W.Castenholz,
unpublished data; Mariner et al. 1974).

Besides identifying the conspicuous cyanobacteria, the
objective of early studies was to explain the abrupt upper and
lower temperature boundaries of distinctive phototrophic
populations in a continuous and linear temperature gradient.
These distributions are illustrated in Fig. 3.1b and are
described in Castenholz (1969, 1973a) and Wickstrom and
Castenholz (1978, 1985). Briefly, the upper temperature limit
for cyanobacteria, and for global photosynthesis, is almost
certainly 73-74°C and this boundary is easily seen when
the temperature remains relatively constant at a particular
point in the outlet. This greenish-yellow mat, composed of a
cyanobacterial form-species identifiable morphologically as
Synechococcus lividus Copeland occurs as the top cover of
the mat in most of the Hunter’s Spring outflows to about
54-55°C where it is abruptly replaced by a dark reddish-brown
cover of Geitlerinema (Oscillatoria) terebriformis, a distinc-
tive form identified by morphology, physiology, ecology, and
recently by 16S rDNA sequences (Castenholz 1978, 1996,
and T.B. Norris, unpublished sequence data). The uniform
green cover of Synechococcus, however, was found to
consist of at least four stable thermotypes that appear
microscopically similar (Peary and Castenholz 1964; Miller
and Castenholz 2000) (Fig. 3.4a, c¢). In culture, the most
thermotolerant clone grew at a maximum rate at 63—68°C,
but grew up to a temperature of 72°C and not below 55°C
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(Meeks and Castenholz 1971; Miller and Castenholz 2000).
In culture, with continuous illumination, the maximum growth
rate of this strain was slightly <1 doubling/24 h, consider-
ably slower than the lower temperature strains, which were
able to grow optimally at temperatures well below 55°C, but
which could not grow at the high temperature of the most
thermotolerant strain (Miller and Castenholz 2000). The
doubling rates in Peary and Castenholz (1964) were consid-
erably greater than those in Miller and Castenholz (2000)
(compare Fig. 3.4a, b), possibly due to differences culture
conditions with higher light intensity in Peary and Castenholz
(1964) or in the genotypes of the strains.

G. terebriformis has an upper growth temperature limit of
54.5°C in culture (and in nature) and grows at a maximal rate
close to this upper limit (Castenholz 1968, 1973a). Since it is
highly motile (by gliding), the upper edge of the mat adjusts
its position to its upper temperature limit. Since the mat is
generally thick enough to absorb over 95% of visible radiation,
this cover sets the lower boundary of the otherwise extensive
Synechococcus mat, which subsequently becomes light-
limited. Although all the clonal cultures of G. terebriformis
have shown growth rates of over 2 doublings/24 h below
48°C (Fig. 3.4a), in most springs of E. Oregon and N. Nevada,
the Geitlerinema mat ends abruptly at about 47-48°. This is
a result of dense, voracious populations of the thermo-
philic and “herbivorous” ostracod Thermopsis thermophila
(ex Potamocypris sp.) that are nearly ubiquitously distributed
in the same geographic region (Castenholz 1973a; Wickstrom
and Castenholz 1985; Kiilkdyliioglu et al. 2003).

Since this species of ostracod can survive and reproduce
at temperatures as high as 48°C and possibly higher
(Wickstrom and Castenholz 1973; Kiilkoyliioglu et al. 2003),
it ingests the delicate trichomes of Oscillatoria and the
soft undermat of Chloroflexus at a rapid rate. However, the
cyanobacterial population below this temperature is com-
posed primarily of the highly grazer-resistant Pleurocapsa
sp. and Calothrix sp. The tapered filaments of Calothrix are
embedded within the nearly amorphous mass of Pleurocapsa
cells (Wickstrom and Castenholz 1978). The ostracods
appear to graze primarily on the exposed lawn of the tips
of Calothrix filaments which continue to grow between
the Pleurocapsa cells below 48°C and also on masses of
G. terebriformis which are washed downstream (Wickstrom
and Castenholz 1985). Combined nitrogen may be limiting
in the flowing water over this portion of the mat, since
both the Calothrix and Pleurocapsa are capable of nitrogen
fixation. By comparing the drainways of similar springs
with and without ostracods it has become obvious that the
Pleurocapsa/Calothrix community is not only quite grazer-
resistant, but is actually grazer-dependent. It does not occur
when the ostracods are absent. In such spring outflows the
Geitlerinema (Oscillatoria) terebriformis cover extends
downstream to about 35°C.
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thermotypes

3.2.3.2 Mushroom Spring and Octopus Spring,
Yellowstone National Park

Mushroom Spring and Octopus Spring, located in the Lower
Geyser Basin, YNP (Octopus Spring is in the White Creek
drainage), have been studied extensively by T.D. Brock,
Castenholz, Miller, Ward, their students and many others
since the late 1960s. These are alkaline springs (pH ~8.3) of
volcanic origin. Like Hunter’s Hot Spring, the major ions
are sodium (~13 mM) chloride (~8.2 mM), bicarbonate
(~4.8 mM) and silicate (~1.8 mM). Unlike Hunter’s Hot
Spring, these springs have very low sulfate content (~0.3 mM)
(Brock 1978; Papke et al. 2003). Until the mid-1990s, work
was primarily conducted at Octopus Spring, but a major
disturbance event (likely a hailstorm) that temporarily des-
troyed the Octopus Spring mat precipitated a shift to focusing
primarily on nearby Mushroom Spring in the years since.
Here we describe work done mainly at Mushroom Spring
since that time (see Ward and Castenholz (2000) for a com-
parable description of the Octopus Spring landscape). These
two springs are highly similar in their microbiota (compare
Ward et al. 1998 and 2006). One interesting difference

between these two habitats is the cooler source pool (see
below); another is the cycling of temperature in Octopus
Spring, which exposes sites in the effluent channel to shifts
in temperature of ~10°C every 5—10 min (Miller et al. 1998).
This may have interesting consequences for cyanobacterial
diversity and its role in stabilizing oxygenic photosynthesis
(see Figure 7 in Ward and Castenholz 2000).

A landscape view of Mushroom Spring and its cyanobac-
terial features is shown in Fig. 3.2a. As the source pool
temperature (~70°C) is cooler than the upper temperature
limit for cyanobacteria (~73-74°C), it is lined with a several
millimetre thick translucent mat, which is more yellow-green
at the surface and dark-green a few millimeters below the
surface (Fig. 3.2b). This mat is comprised of Synechococcus
cells resembling S. cf. lividus (Fig. 3.2c). As the source water
flows into the effluent channels and cools downstream, these
yellow-green and dark-green layers compress from a several
millimeter thick translucent mat at ~68°C to a <1 mm-thick
upper green layer at ~65°C and below (Figs. 3.2b and 3.5a).
Synechococcus thermotypes have also been found in these
systems (see Sects. 3.3.2 and 3.4.1.1). At temperatures
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Fig. 3.5 Vertical aspect of Synechococcus mats in Mushroom
Spring, YNP: (a) Cross sections of mat samples collected at 55°C,
60°C, 65°C and 68°C and autofluorescence photomicrographs of
Synechococcus cells in the surface and subsurface parts of the top-green
mat layer. Scale bar indicates 10 pm. (b) Vertical profiles of scalar

between ~68°C and ~50°C, the Synechococcus cells in the
upper yellow-green layer autofluorescence more dimly than
those in the dark-green underlayer (Fig. 3.5a). Orange under-
mat layers are comprised largely of FAPs (e.g. Chloroflexus
spp. and Roseiflexus spp.), as judged by fluorescence in situ
hybridization with 16S rRNA probes (Niibel et al. 2002).
These two types of FAPs are about equally abundant at
68°C, but Roseiflexus spp. predominate at lower tempera-
tures. Overall mat thickness increases to up to several
centimeters as temperature decreases along the effluent
channel, though mat formation and decomposition are prob-
ably maximized in the upper few millimeters (Brock 1978;
Ward et al. 1987).

Below approximately 58°C Leptolyngbya (Phormidium)
spp. may be found together with Synechococcus spp.,
where they are especially obvious in reticulate features
(Fig. 3.2d, e), streamers (in strong flow) and raised columns
or pinnacles (in quiescent pools; Fig. 3.2f). Leptolyngbya
(Phormidium)-dominated mats are usually orange in summer

Photosynthesis (nmol O, cm™® s7)

irradiance of light of different wavelengths with depth (indicated
in mm next to lines; PBP phycobiliprotein). (¢) Vertical microsensor
profiles of oxygen (black line and points), oxygenic photosynthesis
(green bars) and penetration of light of specific wavelengths (From
Ward et al. 2006)

(Norris et al. 2002). The laminated mats and conical structures
have been extensively studied as analogs of their fossil equiv-
alents, planar stromatolites and the pinnacled Conophyton
forms (see Walter et al. 1972; Brock 1978; Awramik and
Vanyo 1986; Vanyo et al. 1986). Below approximately
43°C the larvae and adults of ephydrid flies graze upon the
cyanobacterial mat (Fig. 3.2d inset). The thermophilic ostra-
cod described in Sect. 3.2.3.1 occurs mainly in hot springs of
the Great Basin region (e.g. Hunter’s Hot Springs), and has
not been found in any YNP springs. In the cooler waters
further downstream (~40°C-ambient), N, -fixing Calothrix
forms brownish scytonemin-containing mats adhering to the
siliceous substratum both in the flow and on the moist edges
of the effluent (Fig. 3.2d, g).

3.2.3.3 White Creek

White Creek is a tributary of the Firehole River which
drains many thermal features of the Lower Geyser Basin of
Yellowstone National Park, including Octopus Spring and
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Great Fountain Geyser (Fig. 3.3a). Its chemistry is similar to
the primary hot springs it drains with respect to pH (~8.2),
silicate (~4.2 mM) and sulfate (~—0.1 to 0.2 mM), but
it has lower concentrations of sodium (~4.3 mM) and
chloride (~1.4 mM), presumably due to dilution by surface
stream water (Miller, unpublished data). White Creek, as
a high volume and velocity stream, is characterized by
a much shallower thermal gradient (2°C per 100 m)
than the primary thermal features (Miller et al. 2009a).
Consequently, cyanobacterial mat communities are distrib-
uted along an approximately 1.5 km stretch of the channel
with mean annual temperature ranging between approxi-
mately 72°C and 39°C (including a large hot spring that
serves as one of the primary upstream sources of geother-
mally heated water).

At temperatures greater than about 55°C, laminated
mats of Synechococcus and FAPs similar to those shown
in Fig. 3.2 predominate. Between ~55°C and 64°C, large
cells of the heterocyst-forming Chlorogloeopsis are also
occasionally evident. At lower temperatures, between
~39°C and 55°C, streamer mats composed of Fischerella
(Mastigocladus) laminosus, other cyanobacteria and FAPs
are observed (Fig. 3.3b, c). Few sites in YNP harbour large
amounts of F. laminosus biomass, though this cyanobacte-
rium has been obtained from many locations in enrichment
cultures, and the generally low concentrations of combined
N that are measured in this region of White Creek (Miller
et al. 2006, 2009b, unpublished data) likely contribute to
its success. Intercalary heterocysts are evident in F. laminosus
trichomes, and mats actively fix N, as assayed by acetylene
reduction (Stewart 1970; Miller et al. 2006). Members of the
F. laminosus population have diverged in thermal perfor-
mance (i.e. different thermotypes), and distribution of this
ecological variation is tightly associated with environmental
temperature (Sect. 3.4.2; Miller et al. 2009a). Particularly near
the upstream population boundary, trichomes of F. laminsosus
are tightly associated with adhered Synechococcus, whereas
at downsteam locations other cyanobacteria are more
evident.

3.3  Distribution of 16S rRNA-Defined Taxa
The contemporary distributions of cyanobacteria in geothermal
habitats are potentially shaped by various factors, including
dispersal limitations that result in biogeographic patterns and
environmental heterogeneity (i.e., habitat sorting). We begin
with a global perspective before appraising the contribution
of parameters related to effluent flow away from source pools
(e.g., temperature) to the realized niches (i.e. actual in situ
distributions, as opposed to the fundamental or potential
niches defined by laboratory studies) of thermophilic cyano-
bacteria in local settings.

D.M. Ward et al.

3.3.1 Biogeographic Distribution

A current focus of microbial ecology has been on the issue
of how microorganisms are distributed at a variety of geo-
graphic scales (reviewed by Martiny et al. 2006). Determining
the spatial structure of microbial diversity is a prerequisite
for developing an understanding of the processes that shape
distribution patterns. A question of particular interest is
whether dispersal barriers to migratory gene flow exist for
microorganisms, i.e., whether microbial populations are
geographically isolated (Finlay 2002; Papke et al. 2003;
Whitaker et al. 2003). Genetic divergence of populations at
neutral loci is expected to increase with physical distance in
the absence of significant migration (Wright 1943), because
local selective sweeps (Sect. 3.4.1.2) and genetic drift remove
variation within, but not between, populations. Although it
has long been recognized from morphological surveys of
microbial mat communities from geothermal habitats that
certain cyanobacteria exhibit restricted geographic ranges
(Sect. 3.2.1; Castenholz 1996; Ward and Castenholz 2000),
advances in molecular biological approaches for investigating
microbial diversity in situ have greatly enhanced our appre-
ciation of this biogeographic structure (Fig. 3.6). Papke et al.
(2003) provided the first study of hot spring cyanobacterial
16S rRNA diversity at global and regional scales. For envi-
ronmental samples from North America, Japan, New Zealand
and Italy, the authors (i) confirmed that taxa vary in their
breadth of distribution, (ii) reported that patterns of taxon
distribution could not be explained by spring geochemistry,
and (iii) concluded that allopatric divergence of geographi-
cally isolated populations generally plays a key role in the
origins and maintenance of diversity. Surveys of molecular
diversity from other geothermal regions (as well as numerous
unpublished environmental sequence data in public databases)
have provided a rich comparative data set that generally cor-
roborates the conclusions of Papke et al. (2003). Included in
these surveys were collections from Australia (Anitori et al.
2002), Greenland (Roeselers et al. 2007), Jordan (Ionescu
et al. 2010), The Philippines (Lacap et al. 2007), Thailand
(Jing et al. 2005; Portillo et al. 2009; Sompong et al. 2008;
Lau et al. 2009), and Tibet (Lau et al. 2006, 2008, 2009).
Below, we summarize the distribution patterns of represen-
tative taxa.

Many thermophilic cyanobacteria exhibit severely res-
tricted geographic distributions (Table 3.1, Fig. 3.6). Perhaps
the most notable example is the Synechococcus A/B clade
(defined in Sect. 3.4.1). Definitive evidence for its presence,
based on the recovery of environmental sequences and/or
sequenced laboratory isolates, currently exists only from
North American hot springs (e.g. Ward et al. 1998; Miller
and Castenholz 2000; Papke et al. 2003; Allewalt et al. 2006).
There is morphological evidence for the presence of high-
temperature forms of Synechococcus in hot springs of China
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Fig. 3.6 Bayesian phylogeny (Huelsenbeck et al. 2001) of the 16S
rRNA gene emphasizing the geographic distributions of representative
thermophilic cyanobacteria. Sequences were obtained from: North
America (brown); Japan (green); the Philippines (orange); Thailand
(purple); Tibet (light blue); New Zealand (dark blue); and Central/
South America (olive). Two independent Metropolis-coupled MCMC
chains of 1,000,000 generations each were run in Mr. Bayes according

(Yun 1986), Thailand (Sompong et al. 2008), Central and
South America and possibly Africa (Castenholz 1996), but
the genotypes of these organisms are not yet known.
Interestingly, molecular evidence has been obtained from
several studies for a sister clade of the A/B clade (described
as “Lineage T1” in Lau et al. 2009) that exhibits a far wider
geographic distribution (Fig. 3.6). Environmental sequences
of this group have been recovered from microbial mat com-
munities from Tibet (Lau et al. 2006, 2008, 2009; Yim et al.
2006), Thailand (Jing et al. 2005; Sompong et al. 2008),
Jordan (Tonescu et al. 2010), Costa Rica (unpublished
GenBank sequence accession no. EF545646) and YNP. The
YNP Tl-like sequences are from lithified coniform struc-
tures in Black Sand Pool (see inset to Fig. 3.2f) (Lau et al.
2005), mesothermic microbial mat from the margins of an
unidentified hot spring pool (unpublished GenBank sequence
accession no. FJ885003) and from 38°C mat at Rabbit
Creek, where it appears to be rare (an estimated ~0.5% of the
community; Miller et al. 2009a). In addition, representatives
of the T1 group have been isolated in laboratory culture
from a 36°C enrichment of material collected from the

to a GTR+G+I model of sequence evolution. Chain convergence was
assessed by the average standard deviation of split frequencies. The
consensus diagram shown was produced from a sample of 1,800 trees
following discard of 10% of sampled trees as burn-in. Clade credibility
values at nodes represent the posterior probability that the monophyly
of a clade is supported by the data. For clarity, these values have been
removed within individual clades

Kotel’nikovskii hot spring of the Baikal rift (Synechococcus
sp. 0431; Sorokovikova et al. 2008) as well as from San
Kamphaeng hot spring in Thailand (Sompong et al. 2008).
Although environmental data were not reported for many of
the sites from which these sequences and strains were
derived, the trend appears that members of the T1 group are
found primarily at lower temperatures than are members of
the A/B group. If this is the case, then an intriguing pos-
sibility is that tolerance of lower temperatures than in the
A/B group might help to explain the broader distribution and
apparently greater dispersal capabilities of the T1 group. It is
also of interest whether members of the T1 group occupy
higher temperature niches in regions where representatives
of the A/B clade are absent.

Another example of a thermophilic cyanobacterium
with an apparently very restricted distribution is Cyanothece
(Synechococcus) cf. minervae (Table 3.1). This phycoeryth-
rin-producing cyanobacterium is obvious microscopically in
YNP collections, most notably from below about 62°C at
Mammoth Hot Springs (e.g. Minerva Terrace, from which its
name is derived) and from Chocolate Pots Spring, and it has
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been isolated in laboratory culture from White Creek, from a
hot spring near Lone Star Geyser and from South Harney
Hot Springs in Oregon (Miller, unpublished data). With
respect to evidence from environmental sequences, the only
other location from which it has been recovered is from near
Yibbug Caka, Tibet (64°C; Lau et al. 2009).

A taxon with an unusual distribution is Geitlerinema
(Oscillatoria) cf. terebriformis (Table 3.1; Fig. 3.6).
Molecular evidence for thermophilic members of this taxon
comes from North America (Hunter’s Hot Springs, OR,
northern California, and Nevada, Idaho, western Montana,
Alum Rock Park, CA), Saudi Arabia and Thailand (Sompong
et al. 2008). Isolates from the western USA and Saudi
Arabia have essentially identical 16S rDNA sequences
(T.B. Noriis, unpublished data). However, close relatives of
G. cf. terebriformis (>97% 16S rRNA sequence identity)
have been found in a variety of freshwater locations (e.g. Lake
Alexandrina, Australia, and a limestone sinkhole in Mexico).
This suggests the possibility of a relatively recent evolutionary
origin of thermophily in the group. Thermophilic, sulphide-
tolerant Leptolyngbya (Oscillatoria) cf. amphigranulata
is apparently restricted to New Zealand (Garcia-Pichel
and Castenholz 1990), Japan (Papke et al. 2003) and the
Philippines (Lacap et al. 2007) (Fig. 3.6).

By contrast, many taxa appear to be more widely dis-
tributed: These include the Synechococcus C1 and C9 groups,
and the heterocyst-forming Fischerella (Mastigocladus)
laminosus (Table 3.1, Fig. 3.6). Typically, corroborating
evidence for their greater breadth of distribution also exists
from the microscopic observation of environmental samples
and from culture collections (see above).

There are good reasons, however, to believe that dispersal
barriers to migration exist even for the most widely distributed
thermophilic cyanobacteria. Miller et al. (2007) observed a
strong positive correlation between the amount of genetic
differentiation between populations of the cosmopolitan
bacterium F. laminosus and the physical distance which sep-
arates them. This result meets the prediction of the isolation-
by-distance model (Wright 1943), in which the probability
of dispersal decreases with increasing distance. Miller et al.
(2006) explicitly estimated the migration rates between
relatively close White Creek and Boiling River, YNP popula-
tions of F. laminosus, which are separated by approximately
50 km. These populations exhibit considerable genetic
differentiation based on sequence data from four loci involved
in nitrogen metabolism (nifH, narB, nirA, devH), with no
shared genotypes between them. However, the degree of
genetic differentiation (i.e., . ) of these populations could
in principle be explained by an equilibrium between
migration and genetic drift, rather than simply by geographic
isolation (i.e., the absence of migration). Using the isolation-
with-migration model (Nielsen and Wakeley 2001; Hey and
Nielsen 2004) to distinguish between these possibilities,
migration between the populations was undetectable,
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supporting the conclusion that the White Creek and Boiling
River populations were recently geographically isolated
(Miller et al. 2006).

Although these results suggest that successful migration
across even moderate distances should be considered an
extremely low probability event, even for “strong” dispersers,
these events still clearly happen on a contemporary time
scale. For example, identical multi-gene haplotypes of
F. laminosus have been recovered from geographically
distant locations including Montana (USA), Chile and Oman
(Miller et al. 2007; Ionescu et al. 2010). A possible expla-
nation for the geographically wide distribution of these
Fischerella genotypes, is the fact that this cyanobacterium
tolerates desiccation and freezing, produces akinete-like cells
and also grows slowly even at non-thermal temperatures
(25-30°C), which may allow it to exist in many “stepping
stone” aquatic habitats.

3.3.2 Distribution Along Effluent Flow Path

Although chemistry may also change as water flows
away from the source pool, temperature is a primary orga-
nizer of cyanobacterial diversity along hot spring outflow
channels. The temperature dependence of the distributions of
Synechococcus A-like and B-like cells in Octopus Spring
(Ferris and Ward 1997; Ward et al. 1998; Ward and Castenholz
2000) and Mushroom Spring (Ward et al. 2006 based on
denaturing gradient gel electrophoresis (DGGE) banding
patterns remains a prime example of ecotypic differentia-
tion in the microbial world, with members of the A-like and
B-like groups generally more abundant at higher and lower
temperatures, respectively. Specifically, 16S rRNA genotype
variants A”, A’, A, B’ and B are distributed progressively
from ~72-74°C to ~50°C along the effluent flow path (see
Figure 4 of Ward and Castenholz 2000). Similarly, A-like
and B-like 16S rRNA genotypes were retrieved by PCR
amplification and cloning from ~60°C to ~50°C regions of
Hunter’s Hot Springs, OR (Papke et al. 2003).

More recently, DGGE has also been used to investigate
the cyanobacterial diversity of the microbial mats that
develop at lower mean temperature than that mentioned
above. Norris et al. (2002) observed largely similar commu-
nities for 40-47°C mats from Octopus Spring and a tributary
of Rabbit Creek, respectively, including members of the
Synechococcus C9 and OS Type P groups (see Ferris et al.
1996). Lau et al. (2005) specifically examined topographical
patterns of diversity of and around the raised structures
at Black Sand Pool, Yellowstone NP. These structures,
believed to be produced primarily by phototactic filamentous
cyanobacteria, are often conspicuous features of alkaline
hot spring microbial mat communities at lower temperature
(Fig. 3.2f). As found by Norris et al. (2002), the raised struc-
tures contained Synechococcus OS Type P and C9 cells.
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An additional DGGE band sequence was related to a
filamentous cyanobacterium that has been isolated in labora-
tory culture from low temperature mats from Octopus Spring
(Norris et al. 2002; cyanobacterium OLI-01) and a hot spring
in Fairy Creek meadows, NP (Bosak et al. 2009; Leptolyngbya
sp. FYG). Two other DGGE band sequences appear to belong
to the Synechococcus “T1” sister group of the Synechococcus
A/B clade (see above). In contrast, members of the
Synechococcus B group were recovered from the surround-
ing nonlithified mat.

Since the publication of Ward and Castenholz (2000),
advances in high-throughput DNA sequencing technologies
(e.g., Margulies et al. 2005) have enabled more extensive
sampling of spatial distribution of microbial diversity along
thermal gradients. Miller et al. (2009a) employed a barcoded
pyrosequencing approach using PCR amplification to target
the V3 region of the bacterial 16S rRNA gene to investigate
community structure along the thermal gradients of White
Creek and Rabbit Creek. It should be noted that a limitation
of using the V3 sequence is reduced phylogenetic resolution
for some taxa, particularly among members of the diverse
Synechococcus B group, which have identical sequences in
this region. Approximately one-third of the nearly 34,000
total sequences collected from ten sites along each gradient
were of cyanobacterial origin. Of these, a combined total of
41 unique V3 sequence signatures (termed operational taxo-
nomic units (OTUs) in Miller et al. 2009a) were recovered
from the two streams. By contrast with what was found for
Mushroom Spring above, the FAPs were almost exclusively
Chloroflexus spp. along the entire White Creek thermal
gradient (Miller et al. 2009b).

As expected, A-like Synechococcus lineages dominated
at the highest temperature sites, with the same two OTUs
together comprising a majority of the entire microbial com-
munities at both creeks (Fig. 3.7). In White Creek, B-like
Synechococcus lineages dominated between 58°C and
64°C. In Rabbit Creek, the 63—64°C region of the thermal
gradient was primarily occupied by a member of the A-like
Synechococcus group (OTU 53) that was very rare at White
Creek. The breadth of the realized distribution of the B-like
Synechococcus OTU also differed between channels. At Rabbit
Creek, these were the most abundant cyanobacteria between
approximately 47°C and 61°C, whereas, at White Creek,
Fischerella laminosus and OS Type P-like Synechococcus
predominated at temperatures below about 55°C (Fig. 3.7)
(Miller et al. 2009a). The springs differ greatly in the avail-
ability of combined nitrogen at temperatures below ~55°C
(Miller et al. 2009b), and this may help to explain the presence
of the heterocyst-forming, nitrogen-fixing F. laminosus at
White Creek (instead of B-like Synechococcus populations)
and its apparent absence at Rabbit Creek.

The clearly resolved range boundaries among different
Synechococcus lineages provide additional insights into the
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ecological interactions among these bacteria. The realized
niches observed for Synechococcus OTUs are more narrow
than the temperature ranges permissive for growth of related
strains in the laboratory (Miller and Castenholz 2000;
Allewalt et al. 2006), and this disparity between the realized
and potential niches of representative strains can be attrib-
uted to competition in regions of overlap.

At Rabbit Creek, the lowest temperature site was domi-
nated by an unidentified filamentous cyanobacterium that
was also detected in Octopus Spring lower temperature mat
(Norris et al. 2002; DGGE bands OL6 and OL7). While
other taxa were comparatively rare, significant abundances
(<1-5% of the total microbial community) for OS Type I, OS
Type P and Synechococcus C9 groups were observed at some
sites (Fig. 3.7).

3.4 Ecology of Well-Studied Hot Spring
Cyanobacterial Communities
3.4.1 Mushroom Spring and Octopus Spring

Synechococcus Mats

The 50°C to 73-74°C Synechococcus mats of alkaline
siliceous hot springs have been studied for many decades
and serve as model systems for understanding the composi-
tion, structure and function of microbial communities (Brock
1978; Ward et al. 1998, 2006, 2008, 2011, 2012; Ward and
Castenholz 2000). Sections 3.2.3.2 and 3.3.2 showed the
positioning of these communities relative to other cyano-
bacteria found at lower temperatures in these and other
springs and introduced the Synechococcus A/B-lineage
16S rRNA genotypes that predominate. Here, we update
our understanding of linkages among genetic, taxonomic
and functional diversity based on studies since Ward and
Castenholz (2000).

3.4.1.1 Evidence of Adaptive Differences Among
Isolates Relevant to These Mat Systems

The distribution of closely related 16S rRNA variants along
the effluent flow path (genotypes A”, A’, A, B’ and B from
~T72-T74°C to ~50°C (Fig. 3.8a); Ferris and Ward 1997; Ward
et al. 2006; Miller et al. 2009a) and vertical dimension (at
~60°C, genotype B’ above genotype A; Ramsing et al. 2000;
see Figure 6 in Ward and Castenholz (2000)) led to the
hypothesis that Synechococcus spp. with these genotypes
likely arose through adaptation to parameters that vary
along the associated gradients of temperature, light and
chemistry (Ward 1998). Allewalt et al. (2006) succeeded in
cultivating Synechococcus strains with A, B’ and B 16S
rRNA genotypes (Table 3.1) and used them to test the hypo-
thesis of adaptation by demonstrating that their temperature
preferences were consistent with the in sifu distributions of
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Fig.3.7 Distribution of major cyanobacterial taxa along the thermal gradients of White Creek and Rabbit Creek. Relative abundance refers to the
percentage of sequences of an OTU recovered from a particular environmental sample (Data from Miller et al. 2009b)

their 16S rRNA genotypes (Fig. 3.4c). As mentioned above,
Miller and Castenholz (2000) had already demonstrated this
for Oregon A/B-like Synechococcus strains. Molecular evi-
dence of adaptation has been observed among the Oregon
strains for the Calvin cycle enzyme ribulose-1,5-bisphos-
phate carboxylase/oxygenase (RuBisCO). The RuBisCO
enzyme of Synechococcus strain OH28, which is capable of
growth at 70°C (Miller and Castenholz 2000), exhibits
enhanced thermostability (~7°C greater estimated denatur-
ation temperature in circular dichroism thermal scans) rela-
tive to either the native RuBisCOs of less thermotolerant
strains or inferred ancestral Synechococcus RuBisCOs con-
structed by sequential site-directed mutagenesis (Miller,
unpublished data).

Complete genome sequences have been obtained for
Synechococcus spp. strains A and B’ (Bhaya et al. 2007) and
comparative analyses revealed differences in nutrient acqui-

sition and storage. Specifically, the B’ strain has genes that
enable it to use phosphonate as a source of phosphorus
(Adams et al. 2008), as well as genes for producing and
degrading cyanophycin, which may be involved in storage of
nitrogen. These observations may foretell of decreasing
availability of phosphate and fixed nitrogen forms down-
stream in the effluent channel. Genomic analyses also
revealed that both strains have the potential to fix N, which
is interesting in light of the prior work of Stewart (1970) and
Wickstrom (1980), which led these authors to the suggestion
that Synechococcus in such mats do not have the capability
to fix N,. In situ expression of nif genes and proteins and
nitrogen fixation was demonstrated (Steunou et al. 2006,
2008) and will be described in more detail below.
Synechococcus populations at the mat surface (Fig. 3.5a)
have distinctly different autofluorescence than those residing
~400-700 um beneath the mat surface suggesting acclimation
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and/or adaptation to lower light intensity and/or differences
in light quality (Fig. 3.5b, ¢). The observations by Ramsing
et al. (2000) of (i) the co-occurrence of a genetically distinct
Synechococcus population (16S rRNA genotype A) with the
deeper, more fluorescent population at a ~60° mat site, and
(i1) unique cell reorientation of the deeper population at the
brightest part of the light cycle, provided further evidence
consistent with the hypothesis of differential light adaptation.
The light relations of B-, B'- and A-like Synechococcus
isolates have been studied. While all isolates could photo-
synthesize at up to 1,100 pmol photon m2 s~! and grow at up
to at least 385 pwmol photon m=2 s7! (Allewalt et al. 2006), the
B’ isolate was reportedly unable to maintain growth for more
than 5 days at 400 umol photon m= s! (Kilian et al. 2007).
Even at 200 pmol photon m= s~' this isolate reduced levels
of phycobilisomes and chlorophyll and increased levels of
carotenoids. The interpretation of these results is complex.
The Synechococcus sp. strain B’ isolate might live in the
upper photic zone and tolerate high light intensity. In situ
it never experiences continuous high light for many days.
Furthermore, surface Synechococcus populations appear to
shut down oxygenic photosynthesis in the brightest part of
the day (Ramsing et al. 2000). Alternatively, this strain might
reside in lower parts of the photic zone and be low-light
adapted. B'-like Synechococcus populations are also found
deeper in the 60°C mat (Ramsing et al. 2000; Becraft et al.
2011) and there is evidence that photosynthesis maximizes
in deeper layers at the highest light intensities (Ramsing
et al. 2000). Clearly, more information about growth as
a function of light intensity and/or quality is needed to
resolve whether light adaptations occur in thermophilic
Synechococcus spp.

3.4.1.2 Nature of Synechococcus Species
in These Mats

At 65°C and 68°C sites, single 16S rRNA genotypes A and
A’, respectively, occur at all depths in the photic zone (Ward
et al. 2006). The question arose as to whether the phenotypi-
cally distinct Synechococcus populations at different mat
depths at these temperatures (Fig. 3.5a) represented a single
genetic population (i.e., species) acclimated to differing
environmental conditions or >1 species adapted to different
vertical microenvironments and so closely related that they
could not be resolved using the slowly evolving 16S rRNA
molecule. Ferris et al. (2003) showed that a more rapidly
evolving genetic locus, the internal transcribed spacer (ITS)
sequence separating 16S and 23S rRNA genes, could resolve
the A’-like Synechococcus populations occurring at 68°C
into two, more closely related genetically distinct populations,
which occur at surface or sub-surface depths. However, at
~65°C the differently fluorescing A-like Synechococcus
populations could not be resolved by either 16S rRNA or ITS
sequence variation. These observations raised the question
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of how much molecular resolution is needed in order to
discern all Synechococcus species in the mats. We have
examined many protein-encoding genes in both single-locus
and multi-locus analyses to address this question, as will be
described below. However, to understand the results of these
analyses, it is necessary to first consider the central question
of how individual genetic variants are grouped into species
populations. The realization that the origin of differently
adapted Synechococcus species in these mats is best described
by the Stable Ecotype Model of species and speciation (Ward
and Cohan 2005) precipitated the development of approaches
that have provided a way to answer to this question.

In the Stable Ecotype Model (Cohan and Perry 2007),
ecotypes, known also as ecological species (sensu Van Valen
1976), are conceptualized as populations of ecologically
interchangeable variants that differ genetically because of
ecologically neutral mutation and/or recombination events
that accumulate uniquely in organisms occupying distinct
niches. Ecotypes evolve as natural selection periodically
favours the most-fit variant among those capable of inhabit-
ing a niche. Periodic selection thus reduces genetic diversity
within an ecotype, which rises anew as ecologically neutral
mutations accumulate in the survivor of the most recent peri-
odic selection event. When variants arise that are ecologically
different than other variants in the ecotype, they initiate new
populations because they are not affected by the periodic
selection events affecting the parent population; they diverge
and eventually evolve into a new and distinct ecological
species (i.e. ecotypes). Such populations can be demarcated
from molecular sequence variation, since each species
accumulates different genetic variants. Koeppel et al. (2008)
developed a Monte Carlo evolutionary simulation (Ecotype
Simulation) based on the Stable Ecotype Model that deter-
mines the order and frequency of periodic selection and
ecotype formation events and the number of ecotypes that
best explains the evolution of a lineage as reflected by gene
phylogenies. Consequently, this algorithm predicts how
individual molecular variants are grouped into ecological
species populations. A test of Ecotype Simulation using the
ITS results mentioned above demonstrated that the putative
Synechococcus ecotypes predicted by Ecotype Simulation
do have distinctive ecology (i.e. unique distributions along
flow and vertical gradients; (Fig. 3.8b) see Ward et al. 2006).
Ecotype simulation analysis of protein-encoding loci has
revealed the existence of on the order of 13—14 ecological
species of Synechococcus within both the A and B’ 16S
rRNA genotypes, and fine-scale distribution patterns, gene
expression patterns and population dynamics in response to
environmental alteration confirm the ecological distinctions
of these predicted ecotype populations (Melendrez et al.
2011; Becraft et al. 2011; Ward et al. 2011) (Fig. 3.8c). The
number of predicted ecotypes rises with extent of sam-
pling of a population and with the molecular resolution of
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Fig. 3.8 Phylogenetic trees showing Synechococcus putative
ecotypes (PE) detected by Ecotype Simulation analysis of sequence
data: (a) Partial 16S rRNA gene; (b) 165-23S rRNA ITS sequence;
(c) Partial psaA gene. Red text indicates information about temperature
and depth distribution of PEs. Green boxes in panel a highlight

the gene studied (Melendrez et al. 2011). Ecotypes are also
detected in cultivation-independent multilocus sequence
analysis, despite evidence that recombination exceeded
mutation during the evolution of the Synechococcus A/B lin-
eage (Melendrez et al. 2012). We estimate that between
~60°C and 65°C sites there are on the order of 30
Synechococcus ecotypes (i.e., ecological species), which are
concealed by common morphology and 16S rRNA
genotypes.

3.4.1.3 Metagenomic Analysis of Community
Composition

Metagenomic sequences were obtained from the upper

cyanobacterial layers of ~60°C, ~65°C and ~68°C regions of

the Mushroom Spring mat and ~60°C and ~65°C regions

the Synechococcus A/B lineage and the sequence of the readily
cultivated S. lividus. In (c) colors indicate temperatures (blue, 60°C;
purple, 63°C; red, 65°C) and triangles point toward surface and sub-
surface populations. (Data from Ward et al. 1998, 2006; Becraft
etal. 2011)

of the Octopus Spring mat (Bhaya et al. 2007; Klatt et al.
2011). Based on phylogenetic similarity and oligonucleotide
frequency analyses, these sequences assembled into eight
well-defined clusters (Fig. 3.9a), one of which corresponds
to A-like and B'-like Synechococcus populations. This popu-
lation comprises about 30% of the genes in the metagenomes
and, as in 16S rRNA analyses, A- and B'-like populations
predominate at 65°C and 60°C, respectively (Klatt et al.
2011). Comparative analysis of these metagenomes and the
Synechococcus spp. strain A and B’ genomes revealed that
the isolates were closely related to native populations
(Fig. 3.9b). Metagenomic clones with only one end sequence
that was closely associated with the Synechococcus spp.
strain A or B’ reference genome revealed (through the
sequences at the other end of the same clone) differences
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between cultivated and native Synechococcus populations.
For instance, both A-like and B'-like populations appear to
include organisms, which, unlike the cultivated strains, possess
feo genes that might confer the ability to incorporate ferrous
iron (Bhaya et al. 2007; Klatt et al. 2011). Fe** acquisition
could be a heretofore unsuspected niche-determining charac-
teristic. Genes closely related to those of other thermophilic
cyanobacteria (e.g. Thermosynechococcus elongates, a
member of the C1 Synechococcus lineage: see Papke et al.
2003) were not detected. This was consistent with their low
abundance in Yellowstone cyanobacterial mats (Papke et al.
2003; Miller et al. 2009a; see Fig. 3.7).

Five of the other metagenomic clusters correspond to
anoxygenic phototrophic bacteria, including Roseiflexus,
Chloroflexus, a member of the Chlorobiales, Candidatus
Chloracidobacterium thermophilum and a novel phototroph
that is phylogenetically deep within Kingdom Chloroflexi
(Klatt et al. 2011). Two other clusters appear to represent
heretofore unknown community members that, based on
current analyses, do not appear to contain genes associated
with phototrophic metabolisms. Clearly, the complexity of
phototrophs and other dominant members of these mat com-
munities is greater than previously thought, especially when
it is clear that these clusters may, like the Synechococcus
cluster, contain numerous closely related species.

Metagenomes have also been obtained for the Mushroom
Spring 60°C undermat and other Yellowstone geothermal
features dominated by cyanobacteria, including, White Creek
and Chocolate Pots Spring (Klatt et al. 2012b). These data-
bases are beginning to broaden our understanding of con-
nections between potential function and cyanobacteria in
these geochemically different habitats.

3.4.1.4 In Situ Synechococcus Physiology

Oxygen microsensors have been used extensively to docu-
ment oxygenic photosynthesis and the resulting oxygen
profiles relative to the in situ realities of light in these mats
(e.g. Ward et al. 2006) (Fig. 3.5b, c). Mats at temperatures
<65°C have such compressed photic zones (Fig. 3.5a) that
vertical profiles of oxygenic photosynthesis usually show only
one depth at which photosynthesis maximizes (Fig. 3.5c).
However, the more translucent mats at ~68°C show evidence
of possible multiple photosynthetic maxima at different
depths (Fig. 3.5¢). Distinct photosynthesis maxima at differ-
ent depths was also observed during a period of recovery
following removal of the upper green mat layer, when light
was more available for deeper populations (Ferris et al.
1997). These observations suggest thatdistinct Synechococcus
populations conduct photosynthesis at different depths, con-
sistent with ecotype distribution results. As mentioned above,
Ramsing et al. (2000) suggested that the vertical positioning
of oxygenic photosynthesis (estimated from vertical oxygen
profiles) moves to deeper mat layers as light intensity
increases during the morning and this suggests that species
residing at different depths in the photic zone are engaged in
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photosynthesis at different times of day. Spectral alteration
of light that penetrates into the mat (Fig. 3.5b) may suggest
adaptation or acclimation to light quantity and/or quality.

It was previously demonstrated using microsensors that (i)
the Synechococucs spp. photosynthesize so intensely that their
CO, consumption causes pH to rise from 8.4 in water flowing
above the mat to ~9.4 (Revsbech and Ward 1984) and (ii)
using *CO, labeling, that these low CO,/high O, microenvi-
ronmental conditions lead to photorespiratory production of
glycolic acid, which may be transferred to other mat organ-
isms (Bateson and Ward 1988). Other *CO, labeling studies
showed that mat Synechococcus populations produce mainly
polyglucose as a consequence of oxygenic photoautotrophy
during the day and shift their metabolism to polyglucose fer-
mentation in the dark (Konopka 1992; Nold and Ward 1996),
mainly to acetate, propionate and CO,. Based on evidence of
the photoassimilation of fermentation products by filamentous
mat inhabitants (Sandbeck and Ward 1981; Anderson et al.
1987), it was hypothesized that Synechococcus spp. cross-feed
fermentation products to Roseiflexus spp. and/or Chloroflexus
spp. (Nold and Ward 1996) (Fig. 3.10a). This was demon-
strated by stable isotope probing of diagnostic lipid bio-
markers (van der Meer et al. 2005). In these experiments the
mat was pulse-labeled with *CO, during the afternoon,
resulting in labeling of Synechococcus spp. lipids (and pre-
sumably polyglucose based on '“CO, labeling results men-
tioned above). After incubation during the night and into the
following morning, lipids diagnostic of Roseiflexus spp.
became labeled and the labeling could be blocked by increas-
ing the pool size of unlabeled acetate and glycolate (Fig. 3.10b).
Previous natural abundance stable isotope studies had demon-
strated that Roseiflexus spp. lipid biomarkers were isotopically
heavier than expected based on photoheterotrophic uptake of
fermentation products derived from cyanobacteria, which use
the Calvin-Bensen Cycle for fixing CO, (van der Meer et al.
2000, 2003). Roseiflexus sp. strain RS1, which is closely
related to native Roseiflexus populations (van der Meer et al.
2010), was found to possess genes for photoautotrophy using
the 3-hydroxypropionate cycle (Klatt et al. 2007). This path-
way has a lower degree of isotopic fractionation than the
Calvin-Bensen Cycle and could explain the heavier Roseiflexus
spp. lipid biomarker signatures. van der Meer et al. (2007)
showed the natural cycling of polyglucose in mat Synechococcus
spp., which had been partially separated from other mat inhab-
itants using a Percol gradient (Fig. 3.11a). This separation
enabled demonstration that the stable carbon isotopic fraction-
ation in polyglucose biosynthesis is much lower than in lipid
biosynthesis. Hence, the transfer of carbon, first fixed as
polyglucose and then fermented by Synechococcus spp., cou-
pled to the uptake of fermentation products by Roseiflexus
spp- may also explain the heavy isotopic signatures in
Roseiflexus spp. lipids. Recent evidence from diel metatran-
scription patterns, suggest that Roseiflexus spp. may use the
3-hydroxypropionate pathway in a mixotrophic, rather than an
autotrophic process (Bryant et al. 2011; Klatt et al. 2012a).



3 Geothermal Habitats

57

a

Day

CO, Sunlight

)
Synechococcus spp. %
1

|
\
Polyglucose m

CO, Sunlight

Evening Night Morning

CO, Sunlight

1
l’ul:|'g]ut'u:t oD (RJ m Poly\gluco? N m
et N [ o) Fermentation ‘ N s Fermentation “ '; ﬂ
1 > 1 |
i Acetate (+ Propionate) Acetate (+ Propionate) =| “;
Glycolate | i+ + Photo- \ ]
Photo- \ Photo- T Rrmmnt H heterotrophy 1 !
heterotrophy heteratrophy 2 r B
i * _,__..--j_‘ ‘ E — \"‘\ ‘ ‘
—"--‘"‘-\ 7/ S v-'-"-"-—-\
A, e - “\’ - - ‘\_"__“'\_"__"--.
u—d g—\_—-ﬂ Phot \‘\_h\__._ﬂ l/]{‘ \&._‘M\_.__n
oto- S oto-
Roseiflexus spp. ’.-‘ autotrophy H,S -~ autotrophy
_HS o
Sulfate reduction Sulfate reduction
b  Synechococcus
2450 Roseiflexus
A
' ™
1950
1450 =T
(&) ET2
;20 T3
B T3+Gly/Ac
950
450
.50 J
Ci7 ©Ci Cis  Cs;2 C33 Cz Css
alkane fatty acids wax esters

Fig.3.10 Cross feeding of metabolites from Synechococcus spp. to
Roseiflexus spp.: (a) Model postulating midday Synechococcus
production of glycolic acid and polyglucose followed by a shift to
fermentation at night and uptake of fermentation products in the
morning by Roseiflexus spp. (b) Incorporation of *CO, into diagnostic
Synechococcus and Roseiflexus lipids in the afternoon (71, 1,720 h),

3.4.1.5 In Situ Gene Expression and Diel
Metabolic Shifts

Steunou et al. (2006, 2008) used quantitative reverse tran-
scriptase PCR to study the in situ transcription of B'-like
Synechococcus genes in the ~60°C mat. These studies were
focused on the transcription of genes associated with (i) nitro-
gen fixation, the genetic potential for which was discovered in
the genomic analyses described above, and (ii) energy meta-
bolisms that might drive this process throughout the diel light

then, after removal of unmetabolized *CO, redistribution of fixed *C
resulting from continued incubation under natural light conditions until
early morning (72, 0645 h) and late morning (73, 1055 h). Labeling
between 72 and 73 was done with and without addition of a mixture of

unlabeled glycolate and acetate at 72 (73 + Gly/Ac) (Modified from
van der Meer et al. 2005)

cycle. Interestingly, nif genes are transcribed in the evening
(Fig. 3.11bC) when oxygenic photosynthesis no longer
exceeds aerobic respiration and the mat becomes anoxic,
except in the surface ~100 pum (Fig. 3.11bA). The upregulation
of genes associated with aerobic respiration may indicate
that Synechococcus spp. actively scavenge oxygen in the
late afternoon (Fig. 3.11bE). Nif proteins are also produced
and nitrogenase activity initiates (Fig. 3.11bB) in the evening.
However, rates of N, fixation are low until morning, when a
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burst of activity is observed. The low nighttime rates of N,
fixation are presumably due to the low energy yield
provided by polyglucose fermentation. The morning burst
of N, fixation occurs when the mat receives diffuse light and
remains anoxic because aerobic respiration exceeds photo-
synthetic oxygen production (Fig. 3.11bB). Once direct
sunlight illuminates the mat, oxygen accumulates and nif
gene transcripts and proteins and N, fixation, can no longer
be detected. Genes involved in photosynthesis (Fig. 3.11bD)
and some fermentation genes (Fig. 3.11bF) are expressed in
a pattern consistent with the shift between these metabolisms
inlightand dark periods. Thus, it appears that Synechococcus
spp. play a major role in the nitrogen economy and in recy-
cling photosynthetically fixed carbon in the mat community.
Jensen et al. (2010) demonstrated the in situ diel dynamics of
the expression of B'-like Synechococcus genes associated
with intense consumption of inorganic carbon (and resultant
pH increase) and production of oxygen during oxygenic
photosynthesis by such dense populations as occur in these
mats. Transcripts of genes involved in both carbon concen-
tration and reactive oxygen protection increased during the
morning light transition and declined after the mid-day light,
O, and pH maxima.

Metatranscriptomic analyses conducted using pyrose-
quencing and SOLiIDTM sequencing confirm these targeted
gene analyses (Fig. 3.11c), showing patterns of expression of
N, fixation and photosynthesis genes that were nearly identi-
cal to those observed in the targeted analyses reported above
(Liu et al. 2011). These global analyses will permit, in the very
near future, detailed investigation of in situ physiology of
Synechococcus spp. and other mat inhabitants. Resolution of
A-like and B’-like Synechococcus transcription appears possi-
ble with such analyses (Liu et al. 2011). Targeted reverse-tran-
scriptase PCR analysis of the psaA gene appears to permit
analysis of species-specific transcription and these patterns are
also seen in initial Ti454 metatranscriptomes (Becraft et al.
2012). Metatranscriptomic and metaproteomic analyses of
samples collected at hourly intervals through a complete diel
cycle are in progress (Liu etal. 2012 Ward, D.A. Bryant, L.Steinke,
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Fig. 3.11 Diel metabolic rhythms in Mushroom Spring 60°C mat
Synechococcus spp.: (a) Polyglucose levels associated with mat
Synechococcus cells partially purified by Percol gradient separation
(From van der Meer et al. 2007). (b) Light intensity and oxygen penetra-
tion (A), net oxygen production and nitrogenase activity (B), B'-like
Synechococcus sp. gene transcripts involved in N, fixation (C), photo-
synthesis (D), aerobic respiration (E) and fermentation (F) (From
Steunou et al. 2008) (d) Metatranscriptomic results for expression of N,
fixaton (nifH, nifD) and photosynthesis (psaA) genes in samples
collected at sunset, sunrise and at low-light and high-light morning
periods (Data from Liu et al. 2011)
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M.Lipton, unpublished data) and these should yield detailed
information about the timing of gene expression and protein
abundance. For any transcripts that offer as much molecular
resolution as the psaA gene (and possibly some proteins), it may
be possible to understand the functional ecology of Synechococcus
spp. and other mat inhabitants at the species level.

3.4.2 White Creek Fischerella

E laminosus is the predominant cyanobacterium at White
Creek between approximately 39°C and 54°C mean annual
temperature (Fig. 3.7). Recent efforts have provided insights
into the distribution of genetic and ecological variation in
this population (Miller et al. 2006, 2009b; Miller 2007, 2010)
that complement work on thermal niche differentiation of the
Synechococcus A/B group.

Although population members distributed along the White
Creek thermal gradient exhibit no divergence at the 16S
rRNA locus or the adjacent ITS region (Miller et al. 2006),
they do harbor low amounts of genetic variation (~1 poly-
morphic site per kb) in other, less conserved, regions of the
genome (Miller et al. 2006, 2009b). Extensive recombina-
tion observed among these variable markers (Miller et al.
2006, 2007, 2009b) acts to break up the genetic linkage that
would otherwise result in genome-wide nonrandom associa-
tions between alleles at different loci. Most of this variation
exhibits little or no distribution difference along the channel
(Miller et al. 2009b; Miller 2010, unpublished data),
which suggests a highly genetically-connected population
that is not limited by dispersal. However, some variable
markers (e.g. nifH, rfbC) show strong genetic differentiation
(i.e. high Fy,) along the White Creek thermal gradient, with
different alleles predominating at upstream and downstream
zones, respectively (Miller et al. 2009b; unpublished data).
A possible explanation for the above patterns of genetic
polymorphism is that migratory gene flow is generally unre-
stricted in the population but is prevented in certain regions
of the genome by natural selection.

Temperature is likely to be a selective agent that contrib-
utes to these barriers to gene flow, since genetically divergent
strains of F. laminosus exhibit differences in thermal perfor-
mance that closely match the prevailing conditions that they
experience in situ (Miller et al. 2009b). Population members
can therefore be considered to be ecological specialists
that have diverged in their thermal niches. Crossing reaction
norms between high temperature (55°C) and low temper-
ature (37°C) performance among strains indicates that a
trade-off at physiological extremes has likely contributed to
niche differentiation of the population. Ongoing work seeks
to identify the functionally important genetic variation that
underlies these ecological differences.
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3.5 Conclusions

Ward and Castenholz (2000) expressed the hope that the results
produced by mentors studying cyanobacteria in geothermal
habitats would, like those of the masons who envisioned the
great cathedrals of Europe, but could not witness their com-
pletion, provide a solid framework for further subsequent
independent research by their students and others. Happily,
this has occurred, though not in exact terms.

An example of consistency can be found in patterns of
temperature adaptation, which have been observed as new
cyanobacterial isolates have been brought into culture, which
are known to be genetically representative of the native pop-
ulations from which they were obtained. Their temperature
relations in culture (fundamental niche) have been shown
to correlate with their in situ distributions (realized niche), and
we are beginning to develop an understanding of how the evo-
lution of physical properties of macromolecules have shaped
observed differences in temperature relations. However, an
example of inconsistency can be found in differences in the
importance of particular types of cyanobacteria at particular
temperatures in particular hot springs as revealed in high-
throughput molecular analyses. For instance, Synechococcus
genotypes have been seen to exhibit different temperature-
defined realized niches in different hot spring effluents.
Differences have also been noted in the predominant
filamentous anoxygenic phototrophic populations in differ-
ent hot spring effluent channels. These differences remind us
that temperature is not the only determinant of niche.
Indeed, genomic and metagenomic analyses have revealed
nutritional differences suspected from earlier morphoytype
distribution studies. These differences also remind us that
the competitiveness of a population depends on all the vari-
ous niche determinants. Thus, patterns observed in one sys-
tem may not apply to another system.

A second example of consistency is that higher molecu-
lar resolution analyses have confirmed the inference made
based on patterns seen in 16S rRNA distribution analyses
that adaptation has been important in the evolution of geo-
thermal cyanobacteria. In fact, when resolution is sufficient
to view variation among individuals it is possible to conduct
population genetics analyses that result in the demarcation
of populations of ecologically interchangeable individuals
equivalent to ecological species that have unique ecological
adaptations. However, insufficient resolution may effec-
tively lump these species populations into sets of popula-
tions that appear to be heterogeneous rather than
homogeneous with respect to ecological uniqueness.
Demarcation of taxa by morphological similarity is danger-
ous, as the number of species within a morphologically defined
taxon can be very large and this can, in turn, obfuscate the
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recognition of patterns suggesting adaptive and biogeo-
graphical differences. For instance, Synechococcus is
genetically extremely diverse and exhibits different patterns
of global distribution suggestive of divergence due to geo-
graphic isolation, some of which would have been masked
by defining this genus on the basis of morphological simi-
larity. Fischerella, while more genetically coherent, never-
theless also exhibits population structure that indicates that
adaptation to temperature and physical isolation are associ-
ated with genetic divergence. These observations confirm
the generalizations of Castenholz (1992) that “Obviously,
cyanobacterial species are the results of natural selection ...
Also, some species have very restricted geographic distribu-
tions, suggesting that allopatric speciation can be important
in cyanobacterial evolution.” But, his observation that “most
species or strains of cyanobacteria seem to have been
selected for a wide tolerance of environmental extremes or
simply for a great ‘ecological amplitude’” may need to be
reinvestigated at higher resolution, if based on morphotype
distribution patterns.

Well-studied hot spring microbial mat systems continue
to serve as excellent models from which to make discoveries
of general importance to microbial community ecology.
Their extremeness provides relative simplicity, which makes
them highly tractable for study by metagenomic, metatran-
scriptomic and metaproteomic techniques. These methods
offer the advantage of being global with respect to their abil-
ity to address comprehensively the question of “who is there”
in a microbial community. Metagenomic assembly analyses
confirm the observations made from more targeted genetic
analyses of the predominant cyanobacterial taxa, but have
also enabled the discovery of many novel and previously
unsuspected noncyanobacterial community members, with
whom the cyanobacteria interact. In essence, these “omics”
methods have enabled a more objective analysis of a com-
munity system, freeing the microbial ecologist from unfore-
seen inadequacies of traditional approaches and ways of
thinking about microbial communities. Metagenomics also
provides a means of linking the phylogenetically defined
populations to their potential function. Similarly, metatran-
scriptomics and metaproteomics are beginning to provide
global analyses aiming in the direction of community func-
tion (“who is transcribing and translating what genes, when
and where?”), possibly even to the species level of resolu-
tion. When combined with the kinds of labeling experiments
that are possible in these relatively simple systems, it may
even be possible to associate actual functions with the spe-
cies responsible. In the future, we expect these systems to be
excellent models for understanding the networking among
species in the various functional guilds of the community,
hopefully providing insights that will be important for micro-
bial systems in more moderate environments that are not so
tractable for “omics” analyses.
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high concentrations of sulphide, oxygen supersaturated —
and anoxic conditions. These physicochemical gradients
force different functional groups of microorganisms to par-
ticular vertical stratified positions in the mat. This, and the
fact that accretion of sediment fluctuates, gives rise to one of
the most conspicuous properties of microbial mats namely
their laminated structure. Modern microbial mats have this
laminated structure in common with Precambrian stromato-
lites. Most modern mats do not lithify but this may also have
been the case for Archean microbial mats. Only a few exam-
ples of modern calcifying stromatolithic microbial mats are
known. A hypothesis has been developed which conceives
a role for extracellular polysaccharides in calcification.
Extracellular polysaccharides in cyanobacterial mats are often
produced as the result of unbalanced growth caused by
nitrogen deficiency. The mat organisms are embedded in the
extensive polysaccharide matrix that inhibits calcification.
All cyanobacterial mats can fix atmospheric dinitrogen, which
covers part of their nitrogen demand, but the fluctuating phys-
icochemical gradients limits the efficiency of this process.

4.1 Introduction

The term microbial mat is used for multilayered microbial
communities growing on sediments in diverse habitats such
as tidal sand flats, hypersaline ponds, hot springs and other.
Microbial mats are generally formed by filamentous, entangled
organisms that produce a macroscopic ‘mat-like’ structure.
In some cases such mats can indeed be peeled off from the
sediment as a large coherent piece. However, benthic micro-
bial communities of unicellular organisms, that usually do not
form such coherent structures, are also called mats. Microbial
mats exhibit great variety in morphology and composition,
and they may include mats of diatoms and other biofilms of
immobilized microorganisms (Bauld 1984). Nevertheless,
eukarya are few or excluded altogether from environments in
which extreme conditions prevail but in some cases meio-
fauna and other grazers are active in the habitats in which
microbial mats are formed. One reason for the exclusion of
eukarya is the wide spectrum of metabolic capabilities of bac-
teria and archaea and the great capacity these ‘prokaryotes’
display to adapt to changes and fluctuations in environmental
conditions. Purple and sometimes green sulphur bacteria are
normal components of most cyanobacterial mats (Nicholson
et al. 1987; Pierson et al. 1987). This review focuses on mats
formed by cyanobacteria.

The reason why cyanobacteria are typically the most
successful mat-building organisms may be found in the
combination of a number of the characteristic properties of
this unique group of microorganisms. Cyanobacteria are the
only oxygenic phototrophic bacteria and this metabolism is
absent in archaea. As their predominant metabolism is oxy-
genic photosynthesis, cyanobacteria use light as an energy
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source, water as an electron donor and CO, as a carbon
source. These are the major requirements for growth and are
abundant in the environments where most microbial mats
are found. Another important property of many cyanobacte-
ria, which is not shared by eukarya (and hence not by algae),
is their ability to fix atmospheric N, allowing them to grow
independent of a source of combined nitrogen. Photosynthesis
in cyanobacteria saturates at low light intensity, cyanobacte-
ria have a high affinity for light, and maintenance require-
ments are extremely low (Van Liere and Mur 1979). These
properties allow photosynthesis even under extremely low
light conditions. Moreover, several species are capable of
sulphide-dependent anoxygenic photosynthesis (Garlick et
al. 1977). Mat-forming cyanobacteria are well-adapted for
life under anoxic conditions. In addition to the normal aero-
bic dark respiration, virtually all species of cyanobacteria in
microbial mats are capable of fermentation (Stal and
Moezelaar 1997). These properties of cyanobacteria are
essential for life in microbial mats in which environmental
conditions strongly fluctuate.

A typical property of microbial mats is their laminated
structure in which different functional groups of microorgan-
isms occur in vertically stratified layers (Stal et al. 1985).
In addition to biological stratification biomineralogical
stratification can be distinguished (Monty 1976). This type of
lamination can be attributed to different growth periods, sea-
sonal events, periodical events (e.g. tides) or episodic or
erratic events (e.g. storms). Often, this laminated pattern is
restricted, since most of the organic matter of the mat is
degraded. When conditions allow, mats precipitate minerals,
mainly calcite (Golubi¢ 1973; Monty 1976; Krumbein
1979). This calcification is strongly associated with microbial
metabolism and it may therefore give rise to the formation
of distinct laminae and eventually to consolidated rock.
Laminated rocks dating from the Precambrian and later
eras are known as stromatolites (Krumbein 1983). Modern
microbial mats built by cyanobacteria show remarkable
similarities to fossil stromatolites. Stromatolites date back to
3.5 billion years (Mason and Von Brunn 1977; Lowe 1980;
Walter et al. 1980; Orpen and Wilson 1981; Chap. 2). In some
of these stromatolites well-preserved microfossils have been
found that in some cases showed a remarkable resemblance to
modern cyanobacteria (Schopf and Walter 1982; Awramik
1984; Chap. 2). It is therefore attractive to consider modern
microbial mats as analogues of Precambrian stromatolites;
however, structural differences do not always seem to justify
this comparison. A major problem is the fact that the great
majority of present day microbial mats does not form consoli-
dated rock.

This review will discuss the metabolic activities of
cyanobacteria that allow them to form microbial mats and
stromatolites. This is a revised, updated and extended version
of the chapter with the same title that appeared in the first
edition of The Ecology of Cyanobacteria (Stal 2000).
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4.2 Microbial Mats, Stromatolites
and Their Environments
4.2.1 What Are Microbial Mats

and Stromatolites? Some Definitions

Krumbein (1983), referring to the work of Kalkowsky
(1908), proposed the following definition: “Stromatolites are
laminated rocks, the origin of which can clearly be related
to the activity of microbial communities, which by their
morphology, physiology, and arrangement in space and time
interact with the physical and chemical environment to pro-
duce a laminated pattern which is retained in the final rock
structure”. This definition includes fossil as well as recent
formations. Modern stromatolites that fit this definition are
rare. Awramik and Margulis (in Walter 1976) defined stro-
matolites as: “Organosedimentary structures produced by
sediment trapping, binding and/or precipitation as a result
of the growth and metabolic activity of microorganisms,
principally cyanophytes”. This definition includes fossil and
recent consolidated stromatolites as well as unconsolidated
microbial mats. Both definitions, however, emphasize the
role of microbial mats and their microflora in the formation
of stromatolites. Walter (1976) formulated the following
conditions necessary to form a microbial mat:

(i) environmental conditions must allow growth of the

mat-building microorganisms; growth rate of the mat-

building organisms must be faster than consumption by
grazers;

sedimentation rates should not be exceedingly high to

allow stabilized colonization of the surface by the mat-

building organisms;

(iii) destructive forces from burrowing organisms and mecha-
nical and chemical erosion must be absent or at least not
prevent accretion of organisms.

In order to produce a stromatolite, preservation of the
structure must occur. In modern day environments uncon-
solidated microbial mats are formed, i.e. systems that do
not have the potential to preserve its structure, defined by
Krumbein (1983) as: “Unconsolidated laminated systems,
clearly related to the activity of microbial communities,
often called recent stromatolites or living stromatolites are
defined as potential stromatolites”. Indeed, stromatolites sensu
Krumbein are still being formed today. Excellent examples
of consolidated, well-laminated stromatolites formed by the
growth and metabolic activity of a microbial mat are found
in the Exuma Cays, Bahamas (Reid and Browne 1991;
Pinckney et al. 1995). Stromatolites are just one form of
calcified microbial mats that are jointly termed microbialites,
a term that includes thrombolites, characterized by a cohesive
macrofabric, and leiolites, which are without defined structure
(Dupraz et al. 2009).

(i)
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Also, non-consolidated, non-lithified microbial mats may
leave traces of microbially induced sedimentary structures
especially in siliciclastic deposits in shallow coastal envi-
ronments (abbreviated as MISS) (Noffke et al. 2006). These
structures have in some cases been preserved in the fossil
record going back to the early Archean, emphasizing that not
all Archean microbial mats were microbialites.

Since their discovery in 1961 in Shark Bay, Western
Australia, poorly-laminated consolidated calcareous stroma-
tolites (thrombolites) have been presented as strikingly similar
to Precambrian stromatolites (Logan 1961). Contemporary
calcareous stromatolites are also formed in Polynesian
atolls (Kopara) (Défarge et al. 1994a, b) and other lacustrine
and perimarine settings (Kempe et al. 1991; Kempe and
Kazmierczak 1993). Such stromatolites can be called ‘modern
stromatolites’ to distinguish them from fossil formations.
It is not necessary to name unconsolidated microbial mats
‘potential stromatolites’, since they are not stromatolites
(sensu Krumbein) and most of these microbial mats will
never become such. Nevertheless, unconsolidated mats may
keep in themselves the capacity for consolidation. This
was shown by a transplantation experiment in which a non-
lithifying microbial mat was placed in an environment with
lithifying microbial mats. This mat calcified, demonstrating
its potential to become a microbialite. Calcification clearly
depends on the prevailing local environmental conditions
(Dupraz et al. 2009).

Calcification is required for consolidation and preservation
of microbial mats. In many microbial mats, calcification
does not occur and the reasons for this are discussed later on
in this chapter. Many consolidated rocks without a clear
lamination are formed by microbial communities. It may be
that laminations were lost during the process of diagenesis or
that neither vertical stratified communities of microorganisms
nor clear seasonal variations were involved in growth and
metabolic activity. Another proposed mechanism is that
carbonate sand accretes through trapping and binding in the
microbial mat without in sifu calcification. Such cohesive but
poorly laminated microbialites are known as thrombolites
(Kennard and James 1986). The stromatolites of the Exuma
Cays, Bahamas, in contrast with other recent formations,
possess a fine laminated structure. There, in addition to
trapping and binding of carbonate sand, in sifu precipitation
of calcium carbonate produces distinct layers of cement
(Reid and Browne 1991).

4.2.2 Microbial Mats and Stromatolites:
The Geological Evidence

The Hadean era from the origin of the Earth 4.5x 10° years
before present to 3.9x10° is the period of which no rock
record exists. The oldest rock known from the early Archean
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Fig. 4.1 Relative abundance
of stromatolites plotted against
time (After Awramik 1984)

Time BP (GYR)

may not be of biogenic origin. The oldest stromatolites date
back in the Archean about 3.5x 10° years ago. Only a few
examples are known from this era, but they were undoubtedly
biologically produced. Microfossils have been found in
these stromatolites, but it is premature to identify them as
cyanobacteria. From measurements of carbon isotope com-
positions in these rocks it was deduced that autotrophic
microorganisms must have been active at that time. However,
it could have been chemoautotrophs that fixed the CO,,
rather than photoautotrophs. The morphology of the micro-
fossils from these oldest stromatolites also does not give
an unequivocal clue about the identity of the organisms.
Cyanobacteria are a group of oxygenic phototrophic organ-
isms and it is well established that the Archean atmosphere
did not contain oxygen.

During the Proterozoic, which started about 2.5 x 10° years
ago, stromatolites became abundant (Fig. 4.1) and occur in a
wide variety of facies. They occupied every major ecological
niche, marine and lacustrine, shallow and deep water. Most
of limestones, dolomites and magnesites as well as many
phosphorites and iron formations of the Proterozoic contain
stromatolites. Like modern microbial mats, it seems certain
that the Proterozoic stromatolites were produced by growth

Relative abundance of stromatolites

0.6 GYR appearance
of Metazoans

3.8 GYR No rock record

4.6 GYR Origin of Earth

and metabolic activity of cyanobacteria. The Proterozoic
stromatolites contain a wealth of very well preserved micro-
fossils that show striking similarity to present day cyano-
bacteria. Over 1,100 microfossils have been described from
190 stromatolite formations (Walter et al. 1992). Many of
these fossils are preserved in the cherts of stromatolites.
The best preservation occurred following early silicification
of the stromatolites. Silica precipitation occurred possibly
spontaneously because of its supposed high concentration in
the seawater. Diatoms with their silicate frustules had not
evolved yet and no other sink for silica is known.

Oxygen was present in the atmosphere at 2.3x 10° years
before present. It is now well accepted that the oxygenation
of the atmosphere was the result of oxygenic photosynthesis.
It might have taken considerable time after the origin of
oxygenic photosynthesis until the atmosphere became oxy-
genated, since a large amount of reduced compounds had to
be oxidized. Banded iron formations (BIFs) are known from
2.5x 10° years before present. These are huge formations con-
sisting of oxidized iron and they have been taken as evidence
for the presence of oxygenic photosynthesis. However,
iron oxidation could also have taken place by the activity of
anoxygenic phototrophic bacteria under anaerobic conditions
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(Widdel et al. 1993; Ehrenreich and Widdel 1994) or per-
haps even by iron-dependent anoxygenic photosynthesis by
cyanobacteria (Cohen 1989). Oxygenic photosynthesis most
likely evolved at the beginning of the Proterozoic. Evidence
for this is the presence of molecular markers such as the
methylhopanes that are supposed to be specific for cyano-
bacteria 2.7 x 10° years before present (Brocks et al. 1999).
Also, phylogenetic analysis date the origin of cyanobacteria at
2.6x 10° (Hedges et al. 2001). However, many cyanobacteria
in present day microbial mats are capable of anoxygenic
photosynthesis and it seems likely that cyanobacteria were
anoxygenic phototrophs before they evolved oxygenic photo-
synthesis (Olson 2006).

The morphology of the stromatolites of the 3.1x 10° old
Insuzi group of South Africa hints at the involvement in their
formation of tactic filamentous organisms (Mason and Von
Brunn 1977). Although it is tempting to suspect phototaxis and
hence potentially photosynthetic organisms, a chemotactic
response would also explain the structure of this formation
(Schopf and Walter 1982).

Of the many different morphological forms of microfossils,
some can be traced back to present day cyanobacteria such as
Oscillatoria and Lyngbya (Schopf and Walter 1982). These
organisms are common in modern microbial mats where they
may be involved in N, fixation. It is difficult to determine
whether these ancient mats were diazotrophic, although the
signature of the stable isotope "N might give some hints in
the direction of diazotrophic (N,-fixing) cyanobacteria
(Bauersachs et al. 2009). Microfossils resembling cyanobac-
teria of the heterocystous genera Nostoc and Scytonema were
abundant in Archean stromatolites (Schopf and Walter 1982),
and this is taken as evidence that N, fixation might have been
important. No remnants of heterocysts are known, probably
because these cells did not fossilize well. Fossil remnants of
akinetes which are survival stages of cells that are known only
from heterocystous cyanobacteria are known dating back
1.5% 10° years (Srivastava 2005). However, they may not have
originated from microbial mats and it is unknown whether
they were already associated with heterocystous cyanobac-
teria. To date, heterocystous cyanobacteria are uncommon in
most microbial mats.

Proterozoic stromatolites reached maxima in numbers and
diversity towards the end of this era, after which it showed a
rapid decline (Walter and Heys 1985) (Fig. 4.1). It has been
postulated that metazoa, which then appeared on Earth,
were responsible for this decline (Walter and Heys 1985).
The grazing activity of these animals would prevent the
accumulation of the benthic mat-forming organisms and
destroyed the fabric of microbial mats by bioturbation. After
the appearance of metazoa, microbial mats would be much
more limited in their distribution and developed in environ-
ments in which these grazers are largely excluded (so-called
extreme environments). Nevertheless, based on evidence from
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a modern hypersaline lagoon in Venezuela, Gingras et al.

(2011) have suggested that the early evolution of mobile

complex animals may have been in cyanobacterial domi-

nated mats during the Ediacaran period (635-542 million
years ago).

The appearance of algae that competed successfully for
light and nutrients in many environments could help explain
the eventual pushing back of cyanobacterial mats to extreme
environments. Also, sea level changes, caused by changes of
climate and by tectonic processes, could explain the sudden
decrease in stromatolite abundance (Gebelein 1976). And
finally, the seawater in the Proterozoic might have been greatly
oversaturated with respect to calcium carbonate (alkaline
soda ocean) facilitating the calcification and preservation of
stromatolites, which is less the case in the modern moderately
alkaline ocean (Kempe and Kazmierczak 1990a).

Proterozoic stromatolites probably formed through one or
more of the following (Walter et al. 1992):

(i) in situ precipitation as cement;

(ii) in situ precipitation as micrite either accreted passively
from suspension or through trapping and binding of the
grains by the mat microorganisms;

(iii) precipitation of micrite imported from adjacent
environments.

The fine and distinct lamination of Proterozoic stroma-
tolites hints at in situ precipitation. Most Phanerozoic
stromatolites are probably produced by trapping and binding
of carbonate and sand grains and therefore show poor or no
lamination (Cloud and Semikhatov 1969).

4.2.3 Stratification and Structure of Microbial
Mats and Stromatolites

Microbial mats are characterized by the vertical stratification
of different functional groups of microorganisms. This
structure is the result of the physicochemical gradients that
are present in mats and in fact produced by the metabolic
activity of the mat organisms themselves (Jgrgensen et al.
1983). The typical structure of a microbial mat build by
cyanobacteria is schematically depicted in Fig. 4.2.
Cyanobacteria evidently form the top layer of microbial
mats although they are sometimes overlain by a film of
diatoms. These organisms need to harvest light for photosyn-
thesis and are essentially aerobic organisms. The cyanobac-
teria may further be covered by a layer of sand or sediment
of varying thickness or be covered by an organic-rich muci-
laginous layer which may contain photoprotective pigments
such as scytonemin, which is produced by cyanobacteria.
It occurs predominantly in the extracellular polysaccharide
sheaths. Scytonemin is highly recalcitrant remaining in the
empty sheaths that are left behind by the cyanobacteria.
Scytonemin protects the underlying community from damage
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caused by UV irradiation (sunglass effect) (Garcia-Pichel
and Castenholz 1991; Chap. 19). The organic matter intro-
duced in the sediment through the photosynthetic activity of
the cyanobacteria is decomposed by a variety of chemotrophic
microorganisms. The degradation of organic matter and the
accompanying demand of oxygen result in permanent anoxic

Fig. 4.2 Schematic drawing of a building of a typical microbial mat
formed by cyanobacteria. The layer of green sulphur bacteria has been
observed in only a few occasions

conditions below the layer of cyanobacteria (Fig. 4.3).
Obligate anaerobic sulphate-reducing bacteria play a major
role in the decomposition of organic material in marine cyano-
bacterial mats and other sulphide dominated environments.
These bacteria produce sulphide, which is used by anoxygenic
phototrophic bacteria.

Purple sulphur bacteria are very common in microbial mats
and are often seen as a pink layer below the cyanobacteria.
Purple sulphur bacteria are essentially anaerobic bacteria, but
species that occur in microbial mats are usually metabolically
versatile (van Gemerden 1993). Anoxygenic photosynthesis
in purple sulphur bacteria saturates at even much lower light
intensities than photosynthesis in cyanobacteria. In addition,
these organisms use a different part of the electromagnetic
spectrum, not used by cyanobacteria (Pierson et al. 1987).
This far red light is also least attenuated by the sediment
(Fig. 4.4) (Stal et al. 1985; Jgrgensen and Des Marais 1988).
The biological stratification is thus the result of gradients
of light, oxygen and sulphide and is found in virtually all
cyanobacterial mats (Fig. 4.3). In some rare cases a layer of
green anoxygenic phototrophic bacteria can be found under-
neath the purple bacteria (Nicholson et al. 1987).

A distinct layer of oxidized iron may be present between
the cyanobacteria and the purple sulphur bacteria (Stal 1994).
It is not clear how this layer is formed. It may be formed by
chemical oxidation by the oxygen produced during photo-
synthesis. An alternative explanation is the anaerobic oxida-
tion of iron by anoxygenic photosynthesis in a specific group
of purple bacteria (Widdel et al. 1993; Ehrenreich and Widdel
1994). Aerobic oxidation of iron by chemotrophic bacteria
seems unlikely at the alkaline pH that are usually encountered
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Fig.4.4 Spectral light penetration through a 1.5-mm mat of Microcoleus
chthonoplastes of the North Sea island of Mellum (Germany). Far-red
light is least attenuated by the mat. The light absorption by chlorophyll
a and phycobiliproteins at respectively 680 and 600 nm is clearly
visible

in microbial mats (Fig. 4.3) although it should also not be
excluded as a possibility as shown by Emerson and Revsbech
(19944, b). Other forms of anoxygenic photosynthesis that
could potentially be important are those using nitrite (Griffin
et al. 2007) and arsenate (Budinoff and Hollibaugh 2008;
Kulp et al. 2008), although expected only in special cases.
The deeper layer of the mat is often black or gray, indicat-
ing the presence of iron sulphide (FeS) or pyrite (FeS)). This
layer has often been referred to as the layer of the sulphate-
reducing bacteria but it has become clear that these bacteria
in fact do not form a distinct layer and occur throughout
the sediment (Visscher et al. 1992; Stal 1993). They are both
abundant and highly active in the top layers of microbial mats.
At first sight this distribution of sulphate-reducing bacteria
is unexpected and odd. However, their substrates are mainly
produced by the cyanobacteria and it is certainly beneficial
to the organisms to be close to the site of production. At night
when photosynthesis ceases, the mat turns anoxic (Fig. 4.3),
providing the appropriate environment for sulphate-reduc-
ing bacteria. Sulphate reducing bacteria appear to be quite
tolerant to oxygen and some are even capable of low rates
of aerobic respiration although they are unable to grow aero-
bically (Dilling and Cypionka 1990; Marschall et al. 1993).
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It has also been shown that sulphate reduction in a microbial
mat can occur in the presence of oxygen (Canfield and Des
Marais 1991; Friind and Cohen 1992).

Chemotropic bacteria can also oxidize sulphide and rep-
resent an important group of organisms in microbial mats.
As many as 2x10° cm™ sediment of colourless sulphur
bacteria has been detected in the top layer of microbial mats
(Visscher et al. 1992). These bacteria are quantitatively
important in microbial mats. Colourless sulphur bacteria are
essentially aerobic and gain energy from the aerobic oxida-
tion of sulphide. They are autotrophic organisms and fix CO,
through the reductive pentose phosphate pathway (Calvin-
Benson-Bassham cycle). Colourless sulphur bacteria have
high affinities for their substrates and their presence cause
highly dynamic oxygen and sulphide gradients, thereby
overruling the chemical oxidation of sulphide. Since the
sulphide-oxygen interface is highly dynamic and not fixed at
a certain depth in the sediment (Fig. 4.3), these bacteria also
do not form a distinct layer, although they are clearly most
abundant in the top layer (Visscher et al. 1992). The joint
metabolic activity of microorganisms in microbial mats
results in steep physicochemical gradients of e.g. light, oxy-
gen, sulphide, carbon dioxide and pH; these gradients shift
markedly during a 24-h cycle (Fig. 4.3) (Jgrgensen et al.
1979; Revsbech et al. 1983) and also respond to fluctuations
of incident light. All microorganisms in microbial mats must
therefore be highly versatile and flexible in order to respond
to the continuous changes in environmental conditions.

The biological stratification in microbial mats may however
be far more complex than described above. Cyanobacteria
may be sandwiched between layers of anoxygenic phototro-
phic bacteria and even perform oxygenic photosynthesis there.
Microbial mats may be also just ‘inverted’, with cyanobacteria
occurring underneath the layer of anoxygenic phototrophic
bacteria (Van Gemerden et al. 1989). This type of microbial
mats can develop when much organic matter is deposited on
the sediment and its degradation results in very high rates of
sulphide production.

The construction of extensive clone libraries has shed new
light on the structure and composition of the microbial mat
community. While microscopic examination of the mat sug-
gests that the cyanobacteria are the dominant component,
clone libraries of the 16S rRNA gene tell a different story.
Ley et al. (2006) found cyanobacteria only important in the
top most layer of a microbial mat but most of the 16S rRNA
sequences belonged to other bacteria. These authors found
752 species in 42 bacterial phyla and Chloroflexi were
identified as the dominant organism both in terms of biomass
and in numbers of 16S rRNA genes and were present through-
out the mat. Most cyanobacteria are large microorganisms.
They have only few copies of the 16S rRNA gene and their
DNA is often difficult to extract from natural environments and
to amplify by PCR. Even so, the importance of the diversity
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Fig.4.5 The mat of Microcoleus chthonoplastes of hypersaline pond 5
of the saltern of Exportadora de Sal, S.A., Guerrero Negro, Baja
California Sur, Mexico, showing the typical multilaminated structure

and biomass of other bacteria in microbial mats is probably
severely underestimated. For instance, the clone libraries of
the microbial mats of Hamelin Pool, Shark Bay, Western
Australia, contained only less than 5% cyanobacteria. Ninety
percent were bacteria and ten percent belonged to archaea.
These mats did not reveal sequences belonging to eukarya
(Papineau et al. 2005). The average sequence identity
was only 92% emphasizing the high diversity of these micro-
bial mats.

The organic matter produced by photosynthesis is actively
cycled in mats. In mats net growth is often close to nil (Nold
and Ward 1996). When growth occurs seasonally, a new mat
may grow on top of the old one, resulting in a ‘historical’
lamination (Monty 1976). In many coastal environments the
organic matter is fully degraded and a historical lamination
is then absent. However, in other mats, particularly those
growing in hypersaline environments, degradation may be
incomplete. Examples of such mats are the well-investigated
hypersaline mats of ‘pond 5’ in Guerrero Negro, Baja
California, Mexico and those of Solar Lake, Sinai, Egypt
(D’Antoni D’Amelio et al. 1989). The Guerrero Negro
‘pond 5’ mats are about 5-6 cm thick and are well-laminated
(Fig. 4.5). This mat grows at a rate of about 1 cm year™!
but there is no net accretion, so that the thickness remains
about the same. This means that the microbial decomposi-
tion of the mat also must proceed at a rate of approximately
1 cm year™!. This mat therefore seems to be in steady state
(Canfield and Des Marais 1994). The mineralization of
the mat of Solar Lake is incomplete, although up to 99% of
the primary production is immediately recycled in the mat,
leaving only 1% for net accretion (Jgrgensen and Cohen
1977; Krumbein et al. 1977). The Solar Lake microbial
mat is about 1 m thick and the lamination goes back almost
2,000 years.

Fig.4.6 (a) Extended tidal sand flat of the island of Mellum (Southern
North Sea, Germany) at low tide covered with microbial mats. (b) Mature
mats of Microcoleus chthonoplastes of the island of Mellum have
accreted and fixed much sediment so that they are often not submersed
at high tide. This decreases the grazing pressure

4.2.4 Environments Supporting
Cyanobacterial Mats

4.2.4.1 Coastal Microbial Mats

Coastal tidal sand flats often are excellent environments
for microbial mats to develop, particularly when the flats
extend over a large area and when the slope of the flat is low
(Fig. 4.6). Large areas will be covered by water for only a
short period during the tide and often the sediment is not
inundated for several days during neap tides. Such sediments
often experience large fluctuations in water content, salinity
and temperature, resulting in extreme conditions that limit
the range of organisms able to inhabit this environment.
The near absence of grazing organisms allows mat-building
cyanobacteria and diatoms to accumulate. Coastal sand
flats are usually nutrient-poor, but the phototrophic cyano-
bacteria have low nutrient demands and they can fix N,.
Moreover, most cyanobacteria resist long periods of drought,
tolerating large fluctuations of salinity and temperature.
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Often these coastal microbial mats are composed of
filamentous cyanobacteria that form a dense entangled mass
which traps and binds sediment particles. Such mats are
clearly visible to the naked eye as massive structures that to
a large extent resist erosion (Fig. 4.6b). Their sediment stabi-
lizing effect is of great importance for coastal morphogen-
esis. Typical examples are found in tidal sand flats of islands
of the southern North Sea (e.g. Mellum, Germany), along the
east coast of North America (e.g. Great Sippewisset Marsh,
Cape Cod, Massachusetts; Bird Shoal, North Carolina),
Pacific Coast (e.g. Guerrero Negro, Mexico) (Fig. 4.7), Shark
Bay and Spencer Gulf in, respectively, Western and South
Australia. A more complete list is given by Pierson (1992).
Most such coastal microbial mats are not stromatolites, but
examples of stromatolites in coastal sediments can be found
in El Hamira Bay, Sinai, where stromatolitic beachrock is
formed (Krumbein 1979) and along the Exuma Cays of the
Bahamas intertidal and subtidal stromatolites are formed
(Reid and Browne 1991) (Fig. 4.8). Schizothrix sp. can settle
there in spite of the high wave energy to which the Atlantic
coast of the Bahamas is exposed. Calcification of the Exuma
Cays microbial mats renders stability to the system, which is
necessary to cope with the strong wave energy.

Other coastal mats are present in protected lagoons and
are semi-permanently inundated. Examples of such coastal
lagoons in which benthic microbial mats develop are found
in many countries. Mats develop in the shallow parts of
coastal lagoons, where large fluctuations of temperature and
salinity may occur (Stal et al. 1996; Villbrandt and Stal 1996).

4.2.4.2 Hypersaline Microbial Mats
Hypersaline environments can be found in shallow and
sheltered coastal lagoons and tidal channels with high rates of
evaporation and low precipitation. In the Mediterranean, hyper-
saline lagoons may form when they have narrow connections
to the open sea and exchange of water is limited because a tide
is virtually absent. Alternatively they can be totally disconnected
from the sea and are fed by sea water through a sand bar as
is the case in Solar Lake on the Red Sea coast of Sinai, Egypt.
When virtually all water in such coastal lagoon environments
evaporates, a natural salt pond develops, forming structures
known in the Sinai desert as Sabkhas. In those geographical
regions were the combination of sun and wind result in
sufficient evaporation, artificial salt ponds have been con-
structed. Other hypersaline environments are inland seas
which can be found at many different locations on the globe
(Oren 1988) and in shallow lagoons of many of these lakes
cyanobacterial mats develop (e.g. Zavarzin et al. 1993).
Cyanobacterial mats develop under these hypersaline
conditions thanks to the potential of certain cyanobacteria
to accumulate compatible solutes such as betaine that
allow osmoregulation up to high salinities (up to 25%).
Depending on the salinity cyanobacteria with different

73

osmoprotectants prevail. Cyanobacteria are not found under
saturating salinities or when the salt composition differs
strongly from that of seawater. In general, hypersaline envi-
ronments are also strongly alkaline. Cyanobacteria tolerate
high pH thanks to their capacity of taking up bicarbonate and
accumulating inorganic carbon. As a result of the fixation of
CO, cyanobacteria generate alkaline conditions themselves.
The best studied hypersaline microbial mats are from the salt
ponds in Guerrero Negro, Baja California Sur, Mexico and
Solar Lake, Sinai, Egypt (D’Antoni D’ Amelio et al. 1989;
Des Marais et al. 1992). Salts and brines are discussed more
fully by Oren in Chap. 15.

4.2.4.3 Hot Spring Mats of Cyanobacteria

Thermal hot springs are environments in which the high
temperature in combination with H,S or acidic conditions
decreases biodiversity enormously. Cyanobacterial mats are
most common in hot springs at near neutral or alkaline con-
ditions and are described more fully in Chap. 3. Cyanobacteria
are generally alkaliphilic organisms. Acidic hot springs are
more likely to inhabit eukaryotic microalgae. Thermal springs
that contain sulphide may limit the formation of mats since
thermophilic cyanobacteria do not tolerate the combination
of high temperature and high levels of sulphide (Castenholz
1976, 1977). At moderate concentrations of sulphide, mats
of Oscillatoria spp. have been shown to lower the sulphide
concentration by anoxygenic photosynthesis by the cyanobac-
teria (Cohen et al. 1986; Ward et al. 1989). Another strategy
is found in the so-called inverted mats (Castenholz 1976).
Here, mats of the anoxygenic phototroph Chloroflexus overlay
the cyanobacterial mat. Anoxygenic photosynthesis scav-
enges the sulphide and protects the underlying mat of the
oxygenic heterocystous cyanobacterium Chlorogloeopsis
sp. (Jgrgensen and Nelson 1988). The maximum temperature
at which photosynthesis can take place is slightly above
70°C.

4.2.4.4 Terrestrial Cyanobacterial Mats
Terrestrial cyanobacterial mats can be found in a variety of
different environments. De Winder et al. (1989a, b) described
a cyanobacterial-algal crust in coastal dunes. Sand dunes have
apoor capacity of retaining water and are therefore extremely
dry environments that are characterized by a low biodiversity.
Under certain conditions there develops a mat of Crinalium
epipsammum, a unique band-shaped filamentous cyanobac-
terium (Fig. 4.9); its unusual cell envelope is exceptionally
well-adapted to desiccation (De Winder et al. 1990). This
species is important in the Netherlands in stabilizing and
protecting dune sand from wind erosion. Once this organism
has established a matrix the community is taken over by the
green alga Klebsormidium flaccidum.

Desiccation and life under low water potential are also the
controlling factors for the development of cyanobacterial mats
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Fig. 4.7 Microbial mats on intertidal flats of the Pacific coast of
Guerrero Negro, Baja California Mexico. (a) Two types of mat develop
close to each other, with smooth mat (shown as dark areas) in the lower
intertidal. (b) Smooth mat, showing cracks caused by desiccation at
low tide. (c¢) Pustular mat. (d) Differences between the mats shown in
cross-section: smooth mat has laminated structure typical of microbial
mats — with a thin and dense layer of cyanobacteria on fop, next a layer of
anoxygenic purple sulphur bacteria, then a black layer of FeS, indicating

that the mat is permanently anoxic below the layer of cyanobacteria.
(e) Pustular mat showing a much looser mat of cyanobacteria on top,
while layers of purple sulphur bacteria and FeS are absent, indicating
that the sediment below the cyanobacteria is predominantly aerobic.
(f) Smooth mat is composed of the non-heterocystous (but N, -fixing)
Lyngbya aestuarii, the trichomes of which are surrounded by a thick
polysaccharide sheath and the organisms are embedded in a dense
matrix of mucilage. (g) Pustular mat composed of Calothrix
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Fig. 4.8 (a) Stromatolites formed by cyanobacteria in the intertidal of
Exuma Cays, Bahamas: these structures are considered as modern
examples of known fossil stromatolites. (b) A closer look at these
lithified sedimentary structures, which consist of trapped carbonate sedi-
ment cemented by micritic (microcrystalline) carbonate. (¢) Surface of

and stromatolites in the hot desert. Microcoleus chthonoplastes,
which occurs in some desert crusts (Brock 1975), has a
polysaccharide sheath which plays an important role in protec-
tion from desiccation. After re-wetting the sheath absorbs
water and the cyanobacterium resumes activity immediately
(Campbell 1979). The sheaths of the unicellular desert
Chroococcus sp. and Chroococcidiopsis sp. also have this
function and these species are found hypolithically on rocks
in the Negev desert (Potts and Friedman 1981; Potts et al.
1983; Caiola et al. 1993, 1996). Cyanobacterial mats are par-
ticularly well investigated in the Negev desert in Israel
(Friedman et al. 1967; Berner and Jensen 1982). Krumbein
and Giele (1979) found a calcifying mat of a unicellular
cyanobacterium producing stromatolitic structures in the
desert. Cyanobacterial mats also seem to be involved in the

stromatolites is covered by a cyanobacterial-algal mat, which is thought
to be involved in formation of the micritic horizons. (d) Cross-section
of the rop part of the stromatolite shows a distinct green layer of
cyanobacteria. (e) Schizothrix is the dominant cyanobacterium in these
modern stromatolites

formation of rock varnish in the desert. Desert rock varnish
is composed of iron and manganese oxides that are preci-
pitated by the metabolic activity of mat microorganisms.
The cyanobacterial mat is usually present underneath this
hard brownish layer where they are protected from direct
sunlight and are capable of retention of some water (Krumbein
and Jens 1981).

Carbonate caves are other terrestrial environments that
support the formation of microbial mats of the unicellular
N,-fixing Gloeothece (Gloeocapsa) and of the heterocystous
Nostoc on walls that receive some daylight (or when artificial
illumination is present) (Cox et al. 1981; Griffiths et al.
1987). Another example of such a low-light terrestrial envi-
ronment is the mats of Leptolyngbya sp. described by
Albertano and Kovacik (1996) on the walls of Casa Aureum
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in Rome. Terrestrial mats of Nostoc have been reported
from a variety of desert environments, including the cold
desert in Antarctica (Davey 1983; Davey and Marchant 1983).
Cyanobacterial mats from cold deserts have been described
by Davey and Clarke (1992) and Vincent et al. (1993a, b).

Fig. 4.9 Scanning electron micrograph of Crinalium epipsammum, a
cyanobacterium forming phototrophic microbial crusts on coastal dunes.
This organism is unusual because of the flat trichomes and the fact that
the cell wall contains cellulose. Scale bar=3 pm

4.3 The Organisms: Cyanobacteria

That Build Microbial Mats

Cyanobacteria that build microbial mats include a variety
of filamentous and unicellular species. The filamentous non-
heterocystous Microcoleus chthonoplastes dominates marine
intertidal microbial mats all over the world (Stal et al. 1985),
hypersaline environments (Garcia-Pichel et al. 1996) and in
the hot desert (Campbell 1979).

A notable characteristic of M. chthonoplastes is its occur-
rence in bundles containing many trichomes, often twisted like
arope. The bundles are enclosed in a common polysaccharide
sheath (Fig. 4.10) which may be partitioned in different
compartments (Fig. 4.10b). The rope morphology has been
suggested to be an adaptation evolved to colonize unstable
substrates (Garcia-Pichel and Wojciechowski 2009). Garcia-
Pichel et al. (1996) investigated and compared cultures isolated
from a variety of mats from geographically distant locations,
both marine and hypersaline. Based on morphological and
genetic characteristics, the authors concluded that all these
isolates were closely related and belonged at least to the
same genus and probably the same species.

The analysis of the 16S rRNA gene and morphological
characteristics of a large number of strains that were assigned

Fig. 4.10 Scanning electron micrographs of a mat of Microcoleus
chthonoplastes of the island of Mellum, Germany. (a) Overview of
the mat showing the large polysaccharide ensheathed bundles of
trichomes. Scale bar=30 um. (b) Detail showing one end of a bundle
of M. chthonoplastes. The inner room of the bundle is composed of
different compartments separated by polysaccharide walls. This bundle

contains a large number of trichomes. Scale bar=10 pm. (¢) A side
view of a bundle of M. chthonoplastes. The outside is colonized
by other microorganisms, including diatoms. Scale bar=10 pm.
(d) Detail of the end of the bundle with the individual trichomes
sticking out. The trichomes can move freely in and out of the bundle.
Scale bar=10 pm
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to Microcoleus led Siegesmund et al. (2008) to conclude that
this genus belongs in fact to two families: the Oscillatoriaceae
and the Phormidiaceae. The marine and hypersaline mat-
forming M. chthonoplastes belongs to the latter and formed a
coherent group that was proposed a new genus name, Coleo-
fasciculus (only species so far C. chthonoplastes), in order to
separate them from the freshwater and terrestrial Microcoleus
(type strain M. vaginatus). However, in this Chap. 1 will
refer to the better known name M. chthonoplastes.

More than 20 morphotypes of cyanobacteria were isolated
from the mats of the intertidal sediments of the German North
Sea island Mellum (Stal and Krumbein 1985) and a similar
number with the same range of morphotypes were later iso-
lated from a similar mat of the Dutch North Sea barrier
island Schiermonnikoog. These also included several hetero-
cystous species that were rarely observed in the field except
in supratidal mats that received more freshwater than those
in the intertidal regions. The cyanobacterial community
composition of these mats varied considerably during the
course of a year but also between different years. Sometimes
the mats consisted virtually exclusively of Spirulina or
Merismopedia (Palinska et al. 1996). Often these mats were
composed of mixtures of different species (Fig. 4.11).

An important species that was always present and was
frequently dominant was originally assigned to Oscillatoria
limosa strain 23 (Stal and Krumbein 1985), which was shown
to be the diazotrophic component of these mats. This strain
was capable of aerobic N, fixation in culture (Stal and
Krumbein 1981). Based on the 16S rRNA gene sequence
analysis O. limosa was found to be related to Lyngbya aestu-
arii. This morphotype is observed frequently in microbial
mats all over the world and as far as known all of these mats
are diazotrophic. The trichomes have a thick polysaccha-
ride sheath which is often pigmented (Fig. 4.7). Mats of
LyngbyalOscillatoria can be found in geographically distant
locations and are characterized by high rates of N, fixation.

Although many if not all microbial mats are capable of
diazotrophy, the specialized heterocystous forms are only
rarely the dominant component. That in some cases they
can be isolated proves their presence, but obviously the
prevailing conditions in the mat prevent their proliferation.
Nevertheless, a few exceptions are known. In parts of the
tidal flat in Guerrero Negro (Baja California Sur, Mexico)
extensive mats of the heterocystous Calothrix sp. are present
(Stal 1995) (Fig. 4.7). In a coastal lagoon near Bordeaux,
France, mats of Anabaena sometimes develop (Villbrandt
and Stal 1996). Mangroves often support extensive mats of
the heterocystous Scytonema sp. (Potts 1979). Calothrix sp.
is also known to form mats on rocks in the spray zone at the
seashore (Whitton and Potts 1982). The development of
these heterocystous diazotrophic mats is discussed further
in Sect. 4.7.

Fig.4.11 (a) Scanning electron micrograph (SEM) of a N,-fixing mat
of Oscillatoria spp. and other cyanobacteria. (b) SEM photo of a detail
of a mat of Lyngbya sp. with the typical coiled filament of Spirulina
subsalsa, which is a typical component of these mats and a single
trichome of Microcoleus chthonoplastes

Hot spring microbial mats such as Octopus Spring in the
Lower Geyser Basin of Yellowstone National Park in the USA
and similar microbial mats are dominated by the rod-shaped
unicellular cyanobacterium Synechococcus lividus (Brock
1978). For a long time, strain Synechococcus sp. Y-7c-s was
the only cultivated species. This strain was isolated from the
50-55°C Octopus Spring mat and considered to be repre-
sentative for all thermophilic Synechococcus species since
they possessed DNA with almost identical G+C ratios
(Waterbury and Rippka 1989). In fact, at least seven different
strains, all with identical morphology, are present (Ward
et al. 1994). Y-7c-s was only detected in Clearwater Spring,
which is slightly acidic (Ruff-Roberts et al. 1994; Ferris
et al. 1996) and from which this strain may have been
originally isolated. Hybridization probes have shown that
Synechoccoccus sp. strain Y-7c-s was present in the Octopus
Spring mats in extremely low frequency. Ferris et al. (1996)
demonstrated that enrichment cultures selected for this strain.
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Although morphological indistinguishable, the populations
of Synechococcus sp. in Octopus hot spring microbial mats
belong to a phylogenetic diverse group. Analysis of the 16S
rRNA gene sequences of Octopus Spring revealed a high
diversity of Synechococcus distantly related to S. lividus.
These thermophilic Synechococcus are an ecologically
diverse group of cyanobacteria that are distributed hori-
zontally along a temperature gradient and vertically along
light and oxygen gradients (Allewalt et al. 2006). However,
by diluting the inocula prior to enrichment new strains of
Synechococcus were obtained in axenic cultures. The differ-
ent strains of hot-spring Synechococcus sp. have growth
optima at different temperatures (Ward et al. 1994) and it
was shown that their temperature ranges and optima were
consistent with their distributions in the mats. Other adap-
tations may include those to pH and light.

In the hypersaline mats of Pond 5 of the Guerrero
Negro saltern and the shallow flat mat of Solar Lake
M. chthonoplastes is the dominant species and forms gelati-
nous organic mats (Fig. 4.5). Other cyanobacteria that may
occur in these hypersaline mats are Oscillatoria sp. and
Spirulina sp. Unicellular cyanobacteria may also be present.
The Pond 5 mat of Guerrero Negro grows at salinities from
60%o0 to 95%o. The salt content of the shallow flat mat of
Solar Lake ranges from 45%o to 180%o. At salinities that are
permanently above 100%0 M. chthonoplastes does not pro-
liferate well but Spirulina subsalsa may be found up to 150%e.
Athigher salinities up to 200%o, the unicellular Aphanothece
halophytica usually dominates the mats (Dor and Paz 1989).
The salinity tolerances for cyanobacteria seem to be higher
in mats of the Sabkha, where A. halophytica occurs at 250%eo,
which is close to saturation, while S. subsalsa is present up
to ~200%o0 (Dor and Paz 1989). The reason for these differ-
ences is unclear. Salinity tolerance may be influenced by
temperature. Although the sediment surface of the Sabkha
may become hot from the solar radiation, the submersed mats
in solar ponds may also be exposed to high temperatures.
Therefore, halophilic cyanobacteria may also be moderately
thermophilic such as was shown for a newly discovered
organism with very thin trichomes of 1 um Halomicronema
excentricum that grows in the range of 3.2-12% salt and
28-50°C (Abed et al. 2002).

Lithified microbial mats found in the Exuma Cays,
Bahamas, are built by the filamentous cyanobacterium
Schizothrix (Pinckney et al. 1995). This forms thin trichomes
about 1 um wide, with cells 2-5 times as long as wide. The
trichomes may be enclosed by a thick sheath. Communities
of Schizothrix may form dense and tough mats that are
often associated with calcium carbonate precipitation.
The lithified microbial mats of Exuma Cays, Bahamas,
result in the formation of stromatolites, a process which
still goes on (Reid and Browne 1991; Pinckney et al. 1995;
Reid et al. 2000).
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4.4 Motility, Chemo- and Phototaxis

of Cyanobacteria in Microbial Mats

Microbial mats are characterized by steep and fluctuating
physicochemical gradients. In order to experience optimum
conditions at all times, cyanobacteria must position them-
selves continuously in the mat. Microbial mats also often
occur in environments with high sedimentation rates. This
demands a light-oriented motility, in order to prevent perma-
nent burial.

Cyanobacteria possess essentially three different ways in
which they respond to light: phototaxis, photokinesis and
photophobic response (Hader 1987a, b). Phototaxis is a
movement, which is oriented along the direction of light.
Phototaxis can be either positive or negative. Positive photo-
taxis is towards the direction of light whereas negative
phototaxis is the movement away from the light. Both posi-
tive and negative phototaxis are important for cyanobacteria
in microbial mats. Most cyanobacteria are adapted to growth
at low light intensities. Excessive light may result in photo-
oxidative stress and can cause damage. The combination of
positive and negative phototaxis will allow the organism to
obtain an optimum position in the mat. Most of the research
on light responses of cyanobacteria has been carried out on
Phormidium and Anabaena and more recently also on the
unicellular Synechocystis. Little work has been carried out on
light responses in cultures of mat-forming cyanobacteria.

Photokinesis is the term used for the phenomenon where
speed of movement increases with light intensity. This is
because of the greater supply of energy. Only positive
photokinesis is known (negative photokinesis would be
the decrease of speed at higher light intensities). The photo-
phobic response is the reversal of the direction of movement
as aresult of a sudden change in light intensity. This response
is very important for cyanobacteria. Both step-down and
step-up responses are known (Hédder 1987a). A step-down
response causes the accumulation of the organisms in the
light. At very high light intensities a step-up response
may result in the accumulation of the organisms in a shaded
area. Photophobic responses are clearly related to photo-
synthesis as could be concluded from action spectra
(Hader 1988).

The light required for phototaxis might be extremely low
(0.001 pmol photon m= s7!) and also saturates at very low
photon irradiance (1 pmol m= s7!) (Ng et al. 2003). In most
cases the action spectrum of phototaxis follows the photo-
pigments of the cyanobacteria, the phycobiliproteins and
chlorophyll a (Bhaya 2004). The low threshold for photo-
taxis is important for cyanobacteria in microbial mats to direct
them to the surface after a large deposition event. The low
light intensity and the complex action spectrum suggest that
it is not required for providing the energy for locomotion,
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which is confirmed by the ineffectivity of inhibitors of
photosynthesis (Choi et al. 1999).

Motility is an extremely important property for most
mat-forming cyanobacteria and occurs by gliding, which can
be defined as a self-propulsion along a surface. This surface
can also be the interior of the polysaccharide sheath. Trichomes
may move forwards and backwards in their sheaths and may
move out of it, leaving an empty sheath behind. Trichomes
may also glide along each other. The hypotheses to explain
gliding motility that have received most attention are:

(i) secretion of mucilage
(ii) contractile structures that cause surface undulations.

Some motile cyanobacteria possess junctional pore com-
plexes, organelles that penetrate the cell wall and through
which it is assumed that mucilage is secreted (Hoiczyk 2000).
According to this hypothesis the mucilage adheres to the
substrate and flows in tight contact with the trichome, thereby
producing the propulsive force. The reversal of the move-
ment would be obtained by using junctional pore complexes
at the other end of the cell that are directed opposite. The
rotation along the long axis in some Oscillatoriaceae could
be produced through the presence of helically arranged
fibrils. The arrangement of these fibrils determines indeed
the left or right rotation, which is species specific. However,
the highly motile Phormidium uncinatum does not possess
junctional pore complexes, although it secretes polysaccha-
ride (Hader 1987b).

Halfen and Castenholz (1971) and Castenholz (1973)
suggested that the helically arranged microfibrils which they
foundin the external layers of the cyanobacterium Oscillatoria
princeps can contract producing a surface wave that con-
tacts the surface producing the force needed for the gliding
movement.

Gliding movement is not restricted to filamentous cyano-
bacteria. The unicellular Synechocystis exhibits a motility
that has been described as twitching and depends on type IV
pili which moves the organism by pilus extension, adhesion
and retraction (Bhaya 2004). Hence, gliding may well be a
collection of different types of locomotion, each with their
own specific mechanisms. One pelagic marine unicellular
Synechococcus is capable of swimming, even if it lacks
flagella (Waterbury et al. 1985). Swimming depends on
swmA, a cell surface glycoprotein of Synechococcus and
which is needed for the generation of thrust (McCarren et al.
2005). This mode of locomotion does not seem practical in
the dense matrix of the microbial mat.

Itis not certain how important the three different responses
to light are in microbial mats. Ramsing and Prufert-Bebout
(1994) concluded from light measurements in mats made by
fiber-optic micro light sensors that light fields in microbial mats
are uniform. This is caused by scattering of light, and it means
that there is in fact no direction of light. Moreover, light inten-
sity will not be subject to sudden changes in microbial mats.
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These authors therefore conceived that phototactic and pho-
tophobic responses would not be especially beneficial for
mat-forming cyanobacteria. Studies with M. chthonoplastes
indicated that the strategy of this organism is to minimize
movement when conditions are favourable. Instead of varying
the speed of movement (photokinesis) it moves less frequently.
M. chthonoplastes also reverses its movement frequently.
This is not a photophobic response because this would imply
a step-down or step-up change in light intensity which is not
the case. Ramsing and Prufert-Bebout (1994) further observed
that M. chthonoplastes bends more frequently at optimum
light intensity. In the long-term this could lead to curling of
trichomes into bundles. Motility in such bundles is likely to be
restricted. Such cyanobacteria are likely to be confined to a
fixed position in the mat. In the hypersaline Guerrero Negro
mats M. chthonoplastes was present throughout the mat and
did apparently not migrate, whereas other bacteria, including
other cyanobacteria, migrated through the mat and occupied
different positions during the daily cycle (Dillon et al. 2009).

Garcia-Pichel et al. (1994) demonstrated that mat-forming
cyanobacteria Oscillatoria sp. and Spirulina subsalsa mig-
rated up and down in the mat in a daily manner (Fig. 4.12).
At sunset these cyanobacteria moved towards the mat surface
and stayed there throughout the night. At sunrise they migrated
downwards. The depth to which they migrated appeared to
be related to the light intensity, reaching the maximum depth
in the mat at mid-day when the light intensity was highest.
Interesting was also that Oscillatoria sp. and S. subsalsa
contained unusually high amounts of chlorophyll a (3.9% d.
wt). A unicellular cyanobacterium in this mat was non-motile
and contained only 0.3% chlorophyll a (Garcia-Pichel et al.
1994). It was calculated that if Oscillatoria and S. subsalsa
did not migrate they would be photoinhibited for most of
the time, whereas the daily movement guaranteed optimum
photosynthesis throughout the light period. Many cyanobac-
teria move deeper into the sediment at high light intensities
(Pentecost 1984; Whale and Walsby 1984; Richardson and
Castenholz 1987a) (Fig. 4.12).

Other researchers have also noticed that cyanobacteria
migrate to the surface during the night or when the mat is
shaded. Migration occurs also during the dark and Whale
and Walsby (1984) therefore concluded that this upward
movement was not controlled by light. Since these authors
could not find any evidence for geotactic or magnetotactic
responses, they assumed that migration of cyanobacteria was
directed through chemotaxis in a chemical gradient. On the
other hand, not all cyanobacteria are capable of moving in
the dark. Malin and Walsby (1985) observed that motility of
Oscillatoria sp. was strictly dependent on light and gliding
stopped in the dark after a short period, presumably because
energy reserves were exhausted. These authors demonstrated
responses of Oscillatoria sp. to oxygen (aerotaxis) and CO,
and bicarbonate. A light-dependent response to CO, would
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Fig. 4.12 Movements of cyanobacterial layer in mats during a 24-h
period. Upper panel shows an example of the daily sinusoidal light
curve. Example Type I is a mat which does not displace itself during a
day-night cycle. This is either the case with unicellular cyanobacteria
that are not motile and grow at optimal light intensity or by species that
minimize movement when conditions are favorable, which may be the
case in some populations of Microcoleus chthonoplastes. Example
Type 11 is a mat that moves toward the surface at sunset and moves into
the sediment during the day. Upwards movement may be controlled by
chemical factors such as oxygen or sulphide. Downwards movement is
in most cases attributed to negative phototaxis. Mats of Oscillatoria
often show this type of displacement during a 24-h cycle. Example
Type 111 is exhibited by the hot-spring O. terebriformis. In the dark the
organism moves randomly, but motility is inhibited by sulphide, which
eventually results in the accumulation of the population in the sulphide-
rich layer deep in the sediment. Positive phototaxis occurs at low light
and negative phototaxis at high light. This forces the organism to move
deeper into the sediment during the middle of the day

be advantageous. Photosynthetic activity in microbial mats
causes depletion of CO, and the high pH usually encountered
in these environments as a result of photosynthetic activity
and CO, fixation will shift the carbonate equilibrium result-
ing in even lower concentrations of CO,. A light-dependent
positive response to oxygen seems to be less advantageous.
High concentrations of oxygen in the light may cause photo-
oxidative reactions (Eloff et al. 1976) and photorespiration
with therefore less efficient CO, fixation (Lorimer 1981;
Reinhold et al. 1991).

Aerotaxis would be a useful strategy for dark migration.
This would allow aerobic degradation of endogenous storage
carbohydrate. The migration of M. chthonoplastes (Whale
and Walsby 1984), Oscillatoria sp. and S. subsalsa (Garcia-
Pichel et al. 1994) to the mat surface during the dark can be
explained by a positive aerotaxis (Fig. 4.12). Alternatively,
migration to the surface during the dark can be explained by a
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negative response to sulphide which is very toxic. In the dark
the concentration of sulphide will increase because anoxy-
genic photosynthesis is absent and no oxygen is available
for biological or chemical oxidation (Fig. 4.3). Castenholz
(1982) therefore conceived a chemophobic response towards
sulphide in cyanobacteria that migrate to the mat surface
during the dark.

Chemotaxis in chemotrophic bacteria has received much
attention but cyanobacteria have hardly been investigated for
such migratory behaviour. Several cyanobacteria are capable
of assimilating organic compounds such as glucose and
fructose in the light (photoheterotrophy) and some even dis-
play a fully chemoorganotrophic metabolism (Smith 1982).
Oscillatoria terebriformis is capable of fermenting extra-
cellular compounds such as fructose and glucose (Richardson
and Castenholz 1987b). Chemotactic responses of cyano-
bacteria to organic compounds are largely unknown. Fechner
(1915) reported a negative chemotactic response to organic
acids and Richardson and Castenholz (1989) observed inhi-
bition of gliding of O. terebriformis by fructose. This effect
was similar to that observed for sulphide. Glucose, the other
substrate for this organism, did not have an effect, nor did
lactate which is one of the fermentation products produced
by O. terebriformis.

Cyanobacteria that form symbioses with plants were
attracted by plant extracts, by certain sugars and particularly by
mucilage (Nilsson et al. 2006). Higher temperature and dark-
ness decreased chemotaxis, although this may be explained
that light provides the energy for motility, rather than that it
controls chemotaxis itself. Chemotaxis may be much more
widespread in cyanobacteria than known until now, since
operons for this process have been found in their genomes
(Wuichet and Zhulin 2003) and the advantages for life in
microbial mats with their steep and fluctuating chemical
gradients are obvious.

An interesting behaviour has been encountered in O. fere-
briformis, which occurs in hot spring microbial mats and has a
light-oriented motility. In the dark, this organism continues to
move, albeit randomly. It may thus happen that it moves down
into the sediment reaching the sulphide layer. Sulphide inhi-
bits motility in O. terebriformis and therefore the organism
is trapped in this layer (Richardson and Castenholz 1987a)
(Fig. 4.12). Under laboratory conditions, 0.7 mM sulphide
completely inhibited its gliding motility. Sulphide inhibited
motility only in the dark or in the light when photosystem II
was blocked by 3,-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU). This inhibition was reversible and was abolished
in the light. Since every individual organism has a high prob-
ability to become trapped in the sulphide layer, virtually the
whole population will end up there. During the day the
sulphide horizon will move down into the sediment relieving
the inhibition of motility and at the same time the organism
will move towards the light at the mat surface. At mid-day,
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when light intensity is high, O. terebriformis shows negative
phototaxis and moves deeper into the sediment in order to
prevent photo-oxidative damage (Fig. 4.12). The majority of
motile mat-forming cyanobacteria will prefer low light inten-
sities and move deeper into the sediment during the day. The
trapping of O. terebriformis in the sulphide layer during the
dark is unusual, but essential for this organism to survive the
dark period. In the presence of oxygen dark respiration will
cause a rapid depletion of the endogenous storage carbohy-
drate which will result in the death of the organism in a matter
of hours. The sulphide layer is of course anoxic. O. terebri-
formis is capable of fermentation and this process is slow,
allowing for an extended period of energy generation. Indeed,
the amount of energy that can be generated is small, but
sufficient to cover its maintenance requirements (Stal and
Moezelaar 1997). Most cyanobacteria, including mat-forming
species, have low rates of dark respiration, allowing them to
overcome long periods in the dark in the presence of oxygen.
In the dark many microbial mats are virtually anoxic up to
the surface, and fermentation is probably the only metabo-
lism possible for the majority of cyanobacteria in the mat,
with the exception of those that are exposed to the air. When
the mat is submersed, oxygen decreases to zero within the
diffusive boundary layer and no oxygen will be available to
the mat (Fig. 4.3).

An unusual and new form of taxis is directed to gradients
of water or water potential and has been termed hydrotaxis
(Garcia-Pichel and Pringault 2001; Pringault and Garcia-
Pichel 2004). Hydrotaxis has been found in a desert crust
cyanobacterium related to a marine Oscillatoria. It was shown
that migration depended on energy and probably occurred by
gliding movement which is the mode of motility in this genus.
When the surface of the crust dried out, the cyanobacteria
migrated deeper into the crust where the water potential is
higher. After a rain shower, the cyanobacteria moved quickly
back to the surface. It is not known what exactly the cyano-
bacteria senses but it was speculated that it might be water
potential or hydrophobicity (Pringault and Garcia-Pichel
2004). Migration towards water makes sense in microbial
mats or crusts in desert environments but is probably unlikely
in microbial mats in aquatic environments, even if coastal
intertidal mats may become desiccated for prolonged periods
as well. Hydrotaxis has hitherto only been described for this
one occasion.

Mats of diatoms on intertidal mudflats in estuaries and
bays have been reported to migrate into the sediments on a
high tide (Serodio et al. 1997). This migration might be under
the control of an endogenous rhythm and was maintained for
a certain period of time even when the trigger of the tidal
cycle was taken away experimentally. For these diatoms it is
important to migrate into the sediments when the tide comes
in, in order to avoid grazing, even when this greatly limits
their window for photosynthesis. In cyanobacterial mats such
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migration triggered by the tidal cycle has not been reported.
Cyanobacterial mats are usually found in the higher reaches
of the tidal flats and are not or for shorter periods inundated
with water and therefore less subject to the tidal cycle. It is
probably the lack of the tide-triggered migration that cyano-
bacteria can not escape grazing and therefore microbial mats
do not occur there where diatom mats are found. In contrast to
what had been assumed, it was demonstrated by Garcia-Pichel
and Bebout (1996) that ultraviolet radiation penetrates well
in microbial mats. The amount of penetration varies with the
type of sediment on which microbial mats developed. Silty
mud absorbed UV light most and quartz sand the least. Mats
that are mainly organic take an intermediate position. UV
light was absorbed in these mats more or less exponentially,
in a similar way to visible light. There were two important
aspects of the penetration of UV light in microbial mats,
regardless of their sedimentological characteristics. In some
mats the intensity of UV-B at the surface is considerably
higher than the incident intensity; this is caused by scattering.
Secondly, the total amount of UV-B in the euphotic zone of
the mat ranged from 15% to 33% of incident irradiance which
is high, particularly when compared with aquatic systems,
where this number varies from 3% to 9%. These measure-
ments carried out by Garcia-Pichel and Bebout (1996) were
the first to demonstrate unequivocally that cyanobacterial
mats develop under UV stress. Garcia-Pichel and Castenholz
(1994) and Bebout and Garcia-Pichel (1995) provided also
strong evidence that vertical migrations are partly under
control of UV light. Garcia-Pichel and Castenholz (1994)
reported that only 1.3 Wm= of UV-A (315-400 nm) was
sufficient to keep the cyanobacteria Oscillatoria sp. and
Spirulina subsalsa deep in the sediment. This intensity is
only 3—4% of the level that these organisms would experi-
ence at mid-day. These cyanobacteria responded by negative
phototaxis. In another study of microbial mats in Solar
Lake (Sinai) it was shown that M. chthonoplastes responds
clearly to UV-B light (310 nm). Exposure of the mat to
0.35-0.79 W m™ was sufficient to cause a downwards migra-
tion of the cyanobacteria. The effect of UV-B was about two
orders of magnitude stronger than normal visible light. Also
UV-A had this effect but was about five times less efficient
than UV-B (Bebout and Garcia-Pichel 1995). It was concluded
from these experiments that M. chthonoplastes is capable of
sensing UV light, particularly UV-B.

There is no doubt that UV light causes serious damage to
oxygenic phototrophic organisms (Cullen and Neale 1994)
and has therefore negative effects on primary productivity
(Smith et al. 1992). A mat-forming cyanobacterium will
therefore benefit from the capability of sensing low levels of
UV radiation and combining it with negative taxis. This
will nevertheless result in a negative effect on total gross
photosynthesis and productivity during exposure to UV light,
but it is largely reversible (Bebout and Garcia-Pichel 1995).
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Due to the downwards migration of the cyanobacterium,
the biomass at the surface, and thus gross photosynthesis,
decreases. In addition, surface photosynthesis may be partly
inhibited by UV irradiation. Because in the deeper layers more
biomass accumulates gross photosynthesis is even higher but
due to the low level of photosynthetic active radiation (PAR),
biomass specific photosynthesis is low. Not all cyanobacteria
exhibit negative phototaxis with respect to UV light. Donkor
and Héder (1991) and Donkor et al. (1993) showed that moti-
lity in the cyanobacteria they investigated was rather impaired
by UV-B (280-315 nm). This may also have been the case in
a mat of M. chthonoplastes of the temperate southern North
Sea, where photosynthesis was strongly inhibited by UV-B
radiation and did not recover during the subsequent 3 h when
UV was excluded (Garcia-Pichel and Castenholz 1994).

Instead of migrating up- and down in a microbial mat,
cyanobacteria have other possibilities to control the amount
of light that they must absorb. Pierson and Parenteau (2000)
observed for instance that cyanobacteria in the top layer
oriented themselves vertically in the mat. This orientation may
also have important consequences for the morphology of the
microbial mat and may explain some of the morphologies of
fossil stromatolites. Merismopedia is a unicellular cyanobac-
terium that occurs frequently in coastal microbial mats. It is
characterized by its occurrence in plates in which the cells
are well ordered. I have observed frequently that these plates
may change its orientation from the large surface towards
the light so that it receives maximum light to the side (one
cell layer thick) to receive a minimum of light. The same was
observed for the flat band-shaped filamentous cyanobacterium
Crinalium epipsammum (de Winder et al. 1990).

4.5 Carbon Metabolism

4.5.1 Introduction
Cyanobacteria are the principal primary producers in the
majority of microbial mats, although in some cases diatoms
contribute as well. Oxygenic photosynthesis and sometimes
anoxygenic photosynthesis and even chemosynthesis drives
CO, fixation. Cyanobacteria enrich the microbial mat with
organic matter. CO, fixation results in the formation of struc-
tural biomass of the cyanobacteria. This organic matter
may become available to other organisms in the mat by the
death and subsequent lysis of the cyanobacteria. However,
it appears that, in spite of the high rates of photosynthesis
usually observed, net growth of the cyanobacteria is often
low in mature mats (Nold and Ward 1996). Hence, other
processes must be involved in order to divert photosynthate
to the mat community.

The benthic microbial mat community of the hypersaline
lake, ‘La Salada de Chiprana’, northeastern Spain, produced
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dissolved organic carbon during the day and the night
(Jonkers et al. 2003). These authors estimated that 14% and
49% of the mat gross and net photosynthetic production, res-
pectively, diffused out of the mat in the form of low molec-
ular weight fatty acids, although these compounds made
up only 2% of the total dissolved organic carbon pool. The
high flux of the dissolved organic carbon was generated by
nutrient deficiency of the cyanobacteria. Photoheterotrophic
Chloroflexus-like bacteria grew on top of the cyanobacterial
mat at the expense of these phototrophic exudates. Also, large
numbers of sulphate-reducing bacteria were found in the fully
oxygenated surface layers. Another process that degrades
dissolved organic carbon in microbial mats is by exposure of
UV-B radiation (e.g. Hiader et al. 1998). As will be discussed
below, the flow of organic carbon from the cyanobacteria to
the heterotrophic mat community may include the excretion
of glycolate during photorespiration, the excretion of compat-
ible solutes after an osmotic down shock, the excretion of
fermentation products during dark anoxic conditions and the
secretion of extracellular polymeric substances (EPS).

4.5.2 Oxygenic Photosynthesis

Oxygenic photosynthesis requires the presence of two photo-
systems (PS I and II). Cyanobacteria contain chlorophyll a
in the reaction centers of both PS I and II, but the former
contains about 2-3 times as many molecules of chlorophyll a.
This chlorophyll may also contribute to the light harvesting,
but the phycobiliproteins are far more important pigments
as light-harvesting antennae. Jgrgensen et al. (1987) demon-
strated by recording photosynthetic action spectra in cyano-
bacterial mats that chlorophyll a contributed hardly to these
action spectra even when additional 600 nm light was given
to excite PS IL.

Light is strongly attenuated in microbial mats, both by
the sediment and by absorption by the dense phototrophic
community. Sediments are transparent to light of long wave-
lengths (Stal et al. 1985). Dry sediments consisting of fine
sandy quartz attenuate light much stronger than the same
sediment saturated with water (Stal et al. 1985). Through
the upper 1 mm of the latter more than 10% of surface irradi-
ance penetrated, while this was only 2.5% of the dry sediment.
The photic depth of the bare wet fine sandy sediment was
about 4 mm. Through a 1.5 mm mat of cyanobacteria (0.5 g
chlorophyll @ m™), 0.45% of photosynthetically active radia-
tion (PAR) penetrated. However, due to the specific absorption
of the mat, wavelengths that would support oxygenic photo-
synthesis are specifically attenuated and oxygenic photosyn-
thesis would not be possible below the cyanobacterial mat
(Stal et al. 1985; Jgrgensen et al. 1987; Pierson et al. 1987,
1990; Jgrgensen and Des Marais 1988) (Fig. 4.4). Sediment
and cyanobacterial mats are relatively transparent to light of
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wavelengths above 700 nm, which explains the occurrence
of communities of bacteriochlorophyll a-containing anoxy-
genic phototrophic purple sulphur bacteria (Pierson et al.
1987, 1990). These findings were confirmed by using fiber-
optic microprobes connected to diode array detector (Kiihl
and Jgrgensen 1992) and by a scalar irradiance microsensor
which allowed spectral light measurements in sediments at
the scale of the phototrophic microorganisms (Lassen et al.
1992a). More than 50% of the incident irradiance of 800 nm
light penetrated a 1-mm thick microbial mat (Ploug et al.
1993). Lassen et al. (1992b) used this technique to study
photosynthesis and photosynthetic efficiency in a microbial
mat in Limfjorden, Denmark. This mat consisted of a top
layer of diatoms and a cyanobacterial layer (Oscillatoria spp.)
underneath. Using an oxygen micro-sensor, two peaks of
oxygenic photosynthesis were found, corresponding to the
diatom biofilm and the second deeper maximum corresponded
with the layer of cyanobacteria. This latter maximum at
1 mm depth occurred at a light intensity of only 12 pumol
photon m~2 s7!i.e. 1.5% of incident light intensity. However,
photosynthetic efficiency (rate of photosynthesis at a specific
depth divided by the scalar irradiance at that depth) appeared
to be tenfold higher in the cyanobacterial mat compared to
the diatom film. This increased photosynthetic efficiency at
low light intensity was the result of both the content of
cyanobacteria at the depth of the second maximum of photo-
synthesis as well as a likely increased efficiency with which
the available light was absorbed by the organisms (Lassen et al.
1992b). The report (Chen et al. 2010) that a cyanobacterium
from a Shark Bay stromatolite can form a newly discovered
chlorophyll, chl £, with the ability to absorb light in the infrared
as well as red part of the spectrum, suggests the possibility
that this pigment may also contribute to efficient use of light
deeper in the stromatolite.

The dense biomass of cyanobacteria in the upper photic
zone of microbial mats results in high rates of photosynthesis,
and on a surface basis it compares to the productivity of rain
forests, which are usually considered as the most productive
ecosystems on Earth (Guerrero and Mas 1989) (Table 4.1).
Revsbech et al. (1983) measured a total daily photosynthesis in
a cyanobacterial mat in Solar Lake (Sinai) of 156 mmol O, m™
and similar rates were found by Villbrandt et al. (1990) for a
cyanobacterial mat in a temperate region (North Sea). The
daily rates of photosynthesis measured by Revsbech et al.
(1983) in Solar Lake microbial mats followed the light inten-
sity during the day. The efficiency of photosynthesis was
highest at low light intensity (up to 120 umol photon m=2s71).
Photosynthesis was not inhibited at high light intensity. The
same was found by Villbrandt (1992) when diurnal photo-
synthesis data on several days were plotted against light
intensity (Fig. 4.13a). Photosynthesis increased in a linear way
with light intensity. This photosynthesis versus light inten-
sity curve of a microbial mat is completely different from
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Table 4.1 Comparison of primary productivity in microbial mats with
other ecosystems (After Stal 1993)

Ecosystem Primary productivity (mg Cm™d™")

Microbial mat

Mellum (North Sea) 6,200
Solar Lake (Sinai) 5,000
Sea and ocean
Mediterranean 60-500
Coastal upwellings 1,000-4,000
Ocean <100

Lakes
Oligotrophic lakes 40-80
Eutrophic lakes 300-3,000
Hypertrophic lakes 2,000-5,000
Mangrove forests 5,600
Rain forest 6,000

isolated cultures of cyanobacteria (Fig. 4.13b). At low light
intensity the photosynthesis curve is steep, depending on
photosynthetic efficiency of the organism. At certain, usually
moderate, light intensity photosynthesis saturates (P ) and
decreases again at higher intensity as a result of photoinhibi-
tion. The different P versus / curve of a mat is explained by
the fact that all light is absorbed and used for photosynthesis.
At higher light intensity cyanobacteria in the deeper parts of
the mat will exhibit higher rates of photosynthesis. The diur-
nal variation of photosynthesis on a bright, cloudless day in
July in a mature mat of M. chthonoplastes on the island of
Mellum, North Sea (chlorophyll a content typically 0.3 gm=:
Stal et al. 1985), showed a different pattern as the one mea-
sured by Revsbech et al. (1983). The rates of photosynthesis
were highest during the morning hours and showed a sharp
drop after mid-day (Villbrandt et al. 1990) (Fig. 4.14b). This
mid-day drop in photosynthesis has been observed by other
workers both in microphytobenthos as well as in phyto-
plankton (Paerl et al. 1989; Storch et al. 1990). An explana-
tion for this observation may be that in the morning hours the
concentration of dissolved inorganic carbon in the pore water
of the mat is high as a result of decomposition of organic
matter during the preceding night. After some hours of
photosynthetic CO, fixation the pore water becomes depleted
of dissolved inorganic carbon, which could explain the much
lower rates of photosynthesis measured in the afternoon.
A similar pattern as the one measured by Revsbech et al.
(1983) was measured at another site of tidal flat on the island
of Mellum. This site was characterized by freshly colonized
sediment with Oscillatoria limosa (Lyngbya aestuarii) as the
dominant species and with only 1/10 of the biomass compared
to the mature mat (chlorophyll content typically 0.03 gm™2,
Stal et al. 1985) (Villbrandt 1992) (Fig. 4.14). Photosynthesis
on a surface basis was much lower which is of course due
to the much lower biomass and therefore the supply of dis-
solved inorganic carbon may have been sufficient throughout
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Fig.4.13 (a) Photosynthesis versus light curve in a microbial mat of the
North Sea island of Mellum (Germany) (Data from Villbrandt 1992).
A large number of depth integrated measurements of photosynthesis
recorded at different days and during different times of the day at the
same location in the mat were used to plot in this curve. The curve was
fitted by linear regression: P (mmol O, 1" min™)=0.01062+(7.58 10~*)
1 (R=0.99 +0.08; N=27 P<0.0001). (b) Typical photosynthesis versus
light intensity curve of a cyanobacterial culture

the day. Photosynthesis on a biomass basis was about twice
as high as in the mature mat with comparable surface inci-
dent light intensity. This is attributed to the much smaller
attenuation of light when biomass is low, i.e. the individual
cyanobacteria receive much more light in the freshly colo-
nized sediment compared to the mature mat.

The high rates of photosynthesis often observed in micro-
bial mats may cause supersaturated oxygen conditions.
The dense organic matrices represent a diffusion barrier that
limits gas exchange. Oxygen bubbles that eventually develop
may also be trapped in this matrix, causing the mats to
become buoyant and lift off the sediments. Erosion of micro-
bial mats as a result of this phenomenon can be regularly
observed. Pieces of mat may be carried to vegetated areas and
become desiccated when the tide has gone. Such desiccated
pieces may be transported by wind over long distances.
This phenomenon was first reported in 1686, becoming
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Fig. 4.14 Daily light curve (shaded area) and depth integrated
photosynthesis of: (a) freshly colonized sediment with Lyngbya sp. as the
dominant cyanobacterium; (b) mature mat of Microcoleus chthonoplastes.
Both mats were located on tidal sand flats on the North Sea island of
Mellum, Germany (Data from Villbrandt et al. 1990)

known as “Meteorpapier” because of the belief that it came
from space. In his publication “Uber das im Jahre 1686 in
Curland vom Himmel gefallene Meteorpapier und iiber
dessen Zusammensetzung aus Conferven und Infusorien”
Ehrenberg (1838) identified this meteor paper as desiccated
microbial mats.

4.5.3 Anoxygenic Photosynthesis

Anoxygenic photosynthesis in microbial mats is not the
exclusive trait of purple- or green sulphur bacteria. Some
species of cyanobacteria are capable of anoxygenic photo-
synthesis in which only photosystem I is involved. As with
phototrophic sulphur bacteria, anoxygenic photosynthesis
in cyanobacteria depends on sulphide as the electron donor.
Roughly two categories of cyanobacteria can be distinguished
with respect to the capacity of anoxygenic photosynthesis.
In one group oxygenic photosynthesis is inhibited at low con-
centrations of sulphide and anoxygenic photosynthesis is
induced. Inhibition of oxygenic photosynthesis by sulphide is
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probably at the level of the manganese-containing, water-
splitting enzyme (Oren et al. 1977). Both types of photosyn-
thesis are mutually exclusive in these organisms. In the
other group anoxygenic and oxygenic photosynthesis occur
concurrently. At low sulphide concentrations oxygenic
photosynthesis is more important and with increasing sul-
phide concentrations anoxygenic photosynthesis gradually
takes over.

In both types of cyanobacteria, anoxygenic photosynthe-
sis must be induced, a process which depends on a certain
threshold of sulphide concentration and on light. Induction
of anoxygenic photosynthesis in some organisms may take
several hours. Therefore, cyanobacteria that possess the
capability of carrying out oxygenic and anoxygenic photo-
synthesis concurrently have an ecological advantage in envi-
ronments in which the sulphide concentration fluctuates, as
is the case for instance in many marine and hypersaline
microbial mats. Cyanobacteria that can carry out only one
type of photosynthesis at a time are typical of environments
with a constant supply of sulphide, as in certain hot spring
microbial mats with an indigenous supply of sulphide.
Moreover, these cyanobacteria tolerate higher concentrations
of sulphide.

In cyanobacteria, anoxygenic photosynthesis is defined as
energy generation through cyclic electron flow driven by
photons absorbed by the reaction center of photosystem I
and the fixation of CO, using sulphide as the electron donor.
This means that this process also takes place when photosys-
tem II is inhibited by the herbicide 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU) or when illuminated by far red
light (>700 nm) which cannot be used by photosystem II.
Cyanobacteria that perform anoxygenic photosynthesis oxi-
dize sulphide to elemental sulphur according to the follow-
ing stoichiometric equation:

12H,S + 6 CO, — C,H,,0, +125° +6H,0

The elemental sulphur that is produced is deposited out-
side the cell but is often found attached to the outer sheath
of the cyanobacterium as finely dispersed particles. The ele-
mental sulphur is not further oxidized, as is the case in purple
sulphur bacteria. In the mat-forming Microcoleus chthono-
plastes (this particular strain is now assigned to Geitlerinema
and is therefore closely related to the anoxygenic Solar Lake
cyanobacterium ‘Oscillatoria limnetica’, now also reassigned
to Geitlerinema) thiosulphate was found to be the product of
sulphide oxidation (De Wit and Van Gemerden 1987):

6H,S +3H,0 + 6 CO, - CH,,0, +3H,S,0,
While the oxidation of sulphide to sulphur yields only

two electrons, the oxidation to thiosulphate yields four elec-
trons per sulphide oxidized. Thus, the oxidation of sulphide
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to thiosulphate in M. chthonoplastes (Geitlerinema) seems
to be twice as efficient as in other cyanobacteria in which
zero-valent sulphur is the product. Rabenstein et al. (1995)
reported that sulphite was the intermediate in those cyanobac-
teria that oxidized sulphide to thiosulphate. It is possible that
thiosulphate is formed in a chemical reaction of sulphite with
sulphide.

It is not clear why most anoxygenic cyanobacteria oxidize
sulphide only to elemental sulphur. Phototrophic sulphur
bacteria usually oxidize sulphide to sulphate, which yields
eight electrons. However, in these bacteria the oxidation to
elemental sulphur is usually much faster as the further oxida-
tion to sulphate. Depending on the species this elemental
sulphur is accumulated intra- or extracellularly. It can be
hypothesized that the rapid oxidation of sulphide to elemen-
tal sulphur would be advantageous since it assures a rapid
removal of the toxic sulphide. Moreover, in anoxygenic
phototrophic bacteria, no matter whether they store the
elemental sulphur intra- or extracellularly, it is not available
for other organisms (Van Gemerden 1987). In that way, when
sulphide is depleted these organisms continue anoxygenic
photosynthesis at the expense of stored sulphur without
competition with other organisms. In cyanobacteria the rapid
consumption of sulphide most likely serves for detoxification
since they can immediately switch to oxygenic photosynthesis
when it has been completely oxidized. In addition, cyanobac-
teria can also use elemental sulphur as electron acceptor in
anaerobic dark metabolism. O. amphigranulata is capable of
using elemental sulphur for assimilatory purposes (Castenholz
and Utkilen 1984). In the unicellular Anacystis nidulans low
rates of CO, fixation are supported by the oxidation of thio-
sulphate (Utkilen 1976; Peschek 1978).

M. chthonoplastes (Geitlerinema) belongs to the group
that performs oxygenic and anoxygenic photosynthesis con-
currently. In this organism the growth rate decreased expo-
nentially with increasing concentrations of sulphide. At
a concentration of 1 mM sulphide (pH 8.0) growth was
completely inhibited. Oxygenic photosynthesis was gradu-
ally inhibited with increasing concentrations of sulphide.
The relative contribution of anoxygenic photosynthesis to
total photosynthesis was >95% at concentrations of sulphide
exceeding 0.35 mM (pH 8.0). The inhibition of growth at | mM
of sulphide is probably caused by the complete inhibition of
oxygenic photosynthesis, rather than anoxygenic photosyn-
thesis. It was shown that M. chthonoplastes (Geitlerinema)
requires oxygen for growth. When oxygenic photosynthesis
was inhibited by DCMU, M. chthonoplastes (Geitlerinema)
was not capable of sulphide-dependent anoxygenic photo
trophic growth unless some oxygen was present. Therefore,
a small contribution of oxygenic photosynthesis may be
necessary in order to provide the essential oxygen. Oxygen
may be required for the oxidation of fatty acids. Anacystis
halophytica, for instance, possesses an oxygen-dependent
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desaturation mechanism (Padan and Cohen 1982). Several
cyanobacteria contain polyunsaturated fatty acids (Kenyon
et al. 1972) and Padan and Cohen (1982) suggested that
such cyanobacteria may be incapable of anaerobic growth.
O. limnetica (Geitlerinema) does not contain polyunsatu-
rated fatty acids which may explain its capacity for anaero-
bic growth (Padan and Cohen 1982). M. chthonoplastes
(Geitlerinema) SAG 3192 contains considerable amounts
of linoleate (18:2), linolenate (18:3) and tetradecadienate
(14:2), regardless whether the culture was grown in the pres-
ence or absence of sulphide (De Wit et al. 1988).

The affinity of M. chthonoplastes (Geitlerinema) for
sulphide is extremely low. The K for sulphide has been
calculated as 974 uM, approximately the concentration at
which growth of M. chthonoplastes (Geitlerinema) ceased
(De Wit and Van Gemerden 1987). These authors analyzed
the data of Jgrgensen et al. (1986), who investigated the
transition of anoxygenic photosynthesis to oxygenic photo-
synthesis in a mat of M. chthonoplastes. A K _of 710 uM
was calculated for sulphide oxidation in this mat. This
affinity is close the one calculated in culture by De Wit and
Van Gemerden (1987). These affinities for sulphide are
extremely low when compared to the value of 5 uM for an
anoxygenic phototrophic purple sulphur bacterium as
Thiocapsa roseopersicina, which is frequently present in
microbial mats (De Wit and Van Gemerden 1988). The sim-
ilarity of the K of sulphide oxidation estimated in a culture
to that estimated in a natural microbial mat of M. chthono-
plastes indicates that this organism was probably responsi-
ble for the sulphide oxidation in the microbial mat. This was
also suggested by Jgrgensen et al. (1986) although they con-
cluded this from the fact that purple sulphur bacteria consti-
tuted only a minor fraction in that mat.

The results on anoxygenic photosynthesis in a culture of
M. chthonoplastes (Geitlerinema) obtained by De Wit and van
Gemerden confirmed those for a natural mat by Jgrgensen
et al. (1986). These authors found that oxygenic and anoxy-
genic photosynthesis occurred concurrently. However, at
higher concentrations of sulphide oxygenic photosynthesis
was insignificant. Oxygenic photosynthesis in this mat started
when the sulphide concentration decreased to about 0.3 mM,
which is in agreement with the results obtained by De Wit and
van Gemerden. The experiments of Jgrgensen and co-workers
showed that oxygenic photosynthesis could occur even when
the microbial mat was exposed to 5-6 mM of sulphide in the
overlying water. An oxygen peak was sandwiched between
layers of sulphide. This sandwiching of cyanobacteria in micro-
bial mats is often observed. Apparently, M. chthonoplastes
is capable of resisting high concentrations of sulphide and
recovers oxygenic photosynthesis. It is also capable of oxidi-
zing this high concentration of sulphide in the light but this
does not mean that the organism is indeed growing or even
fixing CO,.
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Taking together the extremely low affinity of M. chthono-
plastes for sulphide, the low growth rate with anoxygenic
photosynthesis and the fact that this organism cannot grow in
the absence of oxygen, the major function seems to be the
detoxification of sulphide.

4.5.4 CO2 Fixation

Carbon dioxide is the most important source of carbon for
cyanobacteria and it is therefore crucial for the functio-
ning of microbial mats. Cyanobacteria use the energy
and low potential reductant (NADPH) produced during
photosynthesis to fix CO, through the reductive pentose
phosphate pathway (Calvin-Benson-Bassham cycle). The
same pathway in the opposite direction, the oxidative
pentose pathway, is used for the oxidation of storage carbo-
hydrate during the dark in combination with aerobic respira-
tion (Smith 1982; Schmetterer 1994).

High rates of photosynthesis will deplete the sediment of
CO, and raise the pH. The pH may even reach values of over
9.5 (Revsbech et al. 1983) (Fig. 4.3) and any dissolved inor-
ganic carbon will be present as bicarbonate or carbonate.
Cyanobacteria are capable of adapting to growth at extremely
low concentrations of dissolved inorganic carbon. Both CO,
and bicarbonate are taken up by cyanobacteria. However,
CO, is the substrate for RubisCO, the key enzyme of the
Calvin-Benson-Bassham cycle and responsible for the
fixation of CO,. As is the case in other autotrophic organ-
isms, this enzyme has also alow affinity for CO, in cyanobac-
teria, which means that both a high concentration of CO, and
of RubisCO are prerequisites for the efficient fixation of
carbon dioxide. Cyanobacteria possess an inorganic carbon-
concentrating mechanism (CCM) which may result in up to
1,000-fold accumulation of inorganic carbon in the cell. A
tentative model of this CCM in cyanobacteria proposes that
either bicarbonate or CO, is taken up but that the former is
the predominant species of inorganic carbon in the cytoplasm
(Kaplan et al. 1994). Bicarbonate enters the carboxysome,
a cell inclusion in autotrophic bacteria also known as polyhe-
dral bodies. Carboxysomes contain virtually all RubisCO in
organisms that possess these inclusions. The importance of
carboxysomes for the CCM is also shown by the observa-
tions of Turpin et al. (1984) and McKay et al. (1992) that the
number of these inclusions increases during adaptation of
cyanobacteria to low CO, concentrations.

The fixation of CO, in microbial mats can be investigated
by measuring the ?C/"3C carbon isotope ratio in the organic
matter. RubisCO discriminates between carbon isotopes with
a slight preference for the lighter isotope *C. This fraction-
ation factor o equals 1.029 (Roeske and O’Leary 1984),
which means that organic matter may become 29%o depleted
in the heavy isotope "*C when its origin is from RubisCO
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mediated CO, fixation. This isotopic discrimination is only
achieved when the CO, concentration is sufficiently high.
This is generally not the case in microbial mats. Moreover,
the measured value may differ from expected one because
other organisms that were responsible for RubisCO indepen-
dent CO, fixation may have been present in the system. Also
cyanobacteria may fix significant amounts of CO, via alter-
native pathways such as PEP carboxylase or carbamylphos-
phate. Furthermore, the dissolved inorganic carbon produced
from the decomposition of organic matter may be recycled
and give rise to different net isotope discrimination. At the
low concentrations of CO, that usually occur in cyanobac-
terial mats active transport of HCO,” becomes important
(Badger and Andrews 1982) which results in a much smaller
isotope discrimination than in the case of CO, uptake (Des
Marais and Canfield 1994). Microbial mats are usually not
much depleted in °C (8"°C__ is not very negative) because the
pool of dissolved inorganic carbon is small compared to the
rate of CO, fixation. This minimizes the isotope discrimi-
nation. The most negative values of 813Cp (photosynthate)
are expected when CO, does not become depleted from the
medium and when exchange between the medium and the
site of fixation is rapid.

Des Marais and Canfield (1994) investigated the carbon
isotope discrimination in two microbial mats in Guerrero
Negro, Baja California, Mexico. The 6"°C__ in these mats was
slightly negative (=70%o). In the mat of Lyngbya aestuarii
this value corresponded with the fractionation factor 1.007.
This low value was evidently attributed to the closed reser-
voir behaviour of the system. The dissolved inorganic carbon
that was produced by the mat during the night possessed
the same negative value and therefore no changes in the
8"C_ were expected in the L. aestuari mat. In the mat of
M. chthonoplastes photosynthesis did not discriminate
between the lighter and heavier isotopes. At present a con-
clusive explanation for the negative value of 6"°C_ in the
M. chthonoplastes mat is not available (Des Marais and
Canfield 1994). Processes such as excretion, fermentation and
respiration do not change isotopic discrimination. Diagenesis
of organic matter does not alter its isotopic composition
(Des Marais et al. 1992) and the 8"C . is similar as 6"°C__
(Bauer et al. 1991). It is known that the ‘pond 5’ mats of
M. chthonoplastes are more or less in ‘steady state’, i.e. most
of the organic matter that is produced by photosynthesis
is mineralized in the mat. It is likely that photosynthesis
scavenges very efficiently the dissolved inorganic carbon
that is produced in the mat, thereby limiting net isotope frac-
tionation. In fossil Proterozoic stromatolites 8'*C is much
more negative than in present day microbial mats and stro-
matolites. This may reflect the higher levels of dissolved
inorganic carbon in the Precambrian compared to today’s
concentrations (Kempe and Kazmierczak 1990a) or a more
negative 6°°C ..
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4.5.5 Photorespiration and Glycolate Excretion

During daylight, the dense phototrophic biomass in the cyano-
bacterial mat depletes CO, and accumulates oxygen, which
sometimes may reach high supersaturation. It is assumed
that such conditions will support photorespiration. Besides
carboxylation, RubisCO also possesses oxygenase activity
and can oxidize ribulose-1,5-bisphosphate to one molecule
of each 2-phosphoglycolate (2PG) and 3-phosphoglycerate
(3PGA) instead of two molecules of the latter during the
carboxylation reaction (Lorimer et al. 1973; Lorimer 1981;
Miziorko and Lorimer 1983). In fact, RubisCO has a much
better affinity for oxygen as substrate than for carbon dioxide
(Pierce 1988) and it has been suggested that the original
function of the enzyme was an oxygenase rather than a car-
boxylase (Tabita 1988). Warburg (1920) discovered that O,
inhibited CO, fixation in algae. Schau et al. (1950) showed
that glycolate was a product of CO, fixation and Warburg
and Krippahl (1960) demonstrated that its synthesis could be
stimulated by oxygen. Glycolate is produced from 2PG by
phosphoglycolate phosphatase and is metabolized via the
glycine-serine (C2) pathway (Renstrom-Kellner and Bergman
1990), resulting in the production of 3PGA, CO2 and NH,.
This light-dependent oxygen uptake and CO, evolution is
called photorespiration. Photorespiration may represent a
loss of fixed carbon which may be as high as 15-50% of net
photosynthesis (Artus et al. 1986; Gerbaud and Andre 1987).
What function of photorespiration is so important to justify
this loss of fixed C?

In plants, the C2 pathway that metabolizes the toxic
intermediate of photorespiration 2PG is essential for photo-
synthesis. Mutations in the C2 pathway result in plants with
a high CO,_-requiring phenotype (high CO, would minimize
photorespiration). In cyanobacteria the oxygenase reaction
has been considered as irrelevant because these organisms
possess a carbon concentration mechanism (CCM) which
would allow sufficient high CO, concentration at the site
of RubisCO. Cyanobacteria were known to convert 2PG to
glycolate. However, it has now become clear that 2PG meta-
bolism is probably present in all cyanobacteria, even in those
with the smallest genomes, such as the marine picocyanobac-
teria Prochlorococcus and Synechococcus. The model strain
Synechocystis PCC 6803 possesses three routes to meta-
bolize 2PG: the plant-type C2 route, the bacterial glycerate
pathway and the conversion of glyoxylate via oxalate to for-
mate and subsequently to CO, (Eisenhut et al. 2008). It was
also shown that 2PG metabolism was obligatory and that
it could not be compensated by the CCM of this organism.
Eisenhut et al. (2008) postulated that 2PG metabolism evolved
simultaneously with oxygenic photosynthesis in cyanobac-
teria to allow them to cope with the toxic products generated
by photorespiration that could occur because of the oxygen
that accumulated in the cell and in the microbial mats, while
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the CCM evolved only recently (Raven et al. 2008). Hence,
the C2 pathway in plants was probably inherited from the
cyanobacteria as well (Eisenhut et al. 2008).

Although it seems reasonable to assume that the metabo-
lism of 2PG serves the elimination of toxic intermediates
produced by the oxygenase reaction of RubisCO, there may
be other benefits from photorespiration. 3PGA is regenerated
for the Calvin-Benson-Bassham cyclus and other metabolic
intermediates may be produced (Husic et al. 1987). The CO,
produced may be re-fixed and the NH, may be re-assimilated
even if this at the expense of ATP in both cases. In microbial
mats photorespiration may help to prevent photooxidative
damage by the lowering of O,.

It is questionable whether in microbial mats the CCM
would be sufficient to prevent photorespiration, because of
the depletion in CO, during the daytime. If all cyanobacteria
are capable of 2PG metabolism as is the case in Synechocystis
PCC 6803, then it seems unlikely that glycolate is excreted,
and this compound would therefore not be important as a
substrate in microbial mats.

Many microbial mats are characterized by oxygen super-
saturation in the light and CO, depletion and by very high pH
(sometimes above 10). They are also subject to high light
intensities and are chronically nitrogen depleted. All these
factors will force the cyanobacteria to maximum rates of
photorespiration. Glycolate metabolism, and therefore photo-
respiration, is closely associated with nitrogen metabolism.
Renstrom-Kellner and Bergman (1989) demonstrated that
the excretion of glycolate by Anabaena cylindrica decreased
drastically in the presence of a source of nitrogen such as
NH,Cl or glutamate. As was shown by these authors, N,-fixing
cyanobacteria could lose up to 60% of photosynthetic fixed
CO, as glycolate. Heterocystous cyanobacteria can access
nitrogen through N, fixation. However, most mat-forming
cyanobacteria are non-heterocystous and probably grow under
severe nitrogen limitation. This suggests that these organisms
may even lose the greater part of net photosynthesis. Bateson
and Ward (1988) showed the importance of glycolate as a
substrate for the microbial community in microbial mats.
Glycolate may be utilized by sulphate-reducing bacteria, even
in the presence of oxygen (Friind and Cohen 1992). Glycolate-
oxidizing sulphate-reducing bacteria have indeed been isolated
from marine sediments (Friedrich and Schink 1993, 1995),
but these organisms were strictly anaerobic.

4.5.6 Organic Compatible Solutes

Cyanobacteria exposed to high salinity or drought, accu-
mulate osmoprotectors and extrude sodium ions through
the activation or adaptation processes. These include (1) the
uptake or biosynthesis of compatible solutes, (2) the active
extrusion of sodium ions through the enhancement of ATPase
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activity, (3) modifications of the membrane lipid composition
and (4) increase the energetic capacity through cyclic electron
transport through photosystem I and through respiration.

In marine and hypersaline environments, micro-organisms
accumulate solutes in order to obtain a sufficient turgor pres-
sure necessary to allow cell division and growth (Taiz 1984).
The cytoplasmic membrane is permeable to water and an
organism that is exposed to an elevated salt concentration in
the surrounding medium would tend to lose water. In order to
retain water inside itself the cell can either take up ions until
an osmotic equilibrium with the environment is obtained or
accumulate low molecular weight organic solutes. High con-
centrations of inorganic ions are not compatible with the
metabolism of cyanobacteria and cause inhibition of enzyme
activity (Warr et al. 1984).

Cyanobacteria can be subdivided into three groups with
respect to the type of organic solute they accumulate in
response to osmotic stress (Reed et al. 1986a). Halotolerant
freshwater cyanobacteria accumulate disaccharides (either
sucrose or trehalose). Marine cyanobacteria accumulate
the heteroside glucosylglycerol (2-O-a-D-glucopyranosyl-
glycerol) and the very halotolerant hypersaline cyanobacteria
accumulate quaternary ammonium compounds (glycine
betaine and in one case glutamate betaine) (Mackay et al.
1984). There is no clear link between the type of solute and
the taxonomic group of cyanobacteria, although all strains
of Anabaena that were screened accumulated sucrose in
response to osmotic stress. A habitat relation is suggested
among species of the unicellular Synechococcus. Of the 33
strains investigated, all originating from freshwater environ-
ments accumulated sucrose, those isolated from marine
systems accumulated glucosylglycerol and those from hyper-
saline habitats without exception betaine (Reed et al. 1986a).
Stal and Reed (1987) screened 25 strains of cyanobacteria
isolated from a microbial mat in the North Sea and found
glycosylglycerol as well as trehalose and sucrose as osmo-
lytes, suggesting no habitat relationship with the type of solute.
Glucosylglycerol was nevertheless typically the dominant
osmolyte in this marine ecosystem. The two dominant
cyanobacteria in this mat, M. chthonoplastes (Geitlerinema)
and O. limosa (Lyngbya) accumulated glucosylglycerol
and trehalose, respectively. This property has been used to
estimate the respective biomass of both species in these
microbial mats (Stal and Reed 1987). Karsten (1996)
measured the compatible solutes of a variety of strains of
M. chthonoplastes isolated from various geographic loca-
tions and found that they contained glucosylglycerol as well
as trehalose. However, the latter prevailed under sub-optimal
salinities, while it appeared that the glucosylglycerol served
as the only osmolyte. Betaine seems not to be limited to
cyanobacteria from hypersaline environments since it has
been identified in marine picocyanobacteria Synechococcus
(Lu et al. 2006).
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Although cyanobacteria normally accumulate a single
low-molecular weight organic compound in response to
osmotic stress, many species may produce a secondary
compound. The synthesis of disaccharide is much faster
than glucosylglycerol. Within 8 h of an osmotic upshock the
disaccharide pool has reached 90% of its maximum, while
with glucosylglycerol this is only the case after 24-48 h
(Reed and Stewart 1988). Therefore the synthesis of disac-
charide as secondary osmolyte may help for a quicker
response to salt stress. Thus cyanobacteria that thrive under
relative constant salinities may prefer glucosylglycerol while
those that are exposed to fluctuating salinities may be better
off with trehalose for example. This difference could explain
why the pioneer in microbial mats, Oscillatoria (Lyngbya) sp.,
contains trehalose while the typical organism in established
microbial mats, M. chthonoplastes contains glucosylglycerol.
For the same reason hypersaline species contain sucrose in
addition to betaine. Since betaine is a nitrogen-containing
compound, nitrogen deficiency may also lead to the accumu-
lation of sucrose as secondary osmolyte (Triiper and Galinski
1989). It has been shown that only glycine betaine provided
a significant protection of enzyme activity against Na* ions,
suggesting that sugars and polyols protect by a different
mechanism (Warr et al. 1988).

Osmotic down shock exerted on betaine-containing
Aphanothece halophytica resulted in the release of this
osmolyte into the environment (Reed and Stewart 1988).
This may have important consequences for an ecosystem
such as a microbial mat because it may allow chemotrophic
bacteria that cannot synthesize betaine to take it up from the
environment (Reed and Stewart 1988). Moreover, betaine
may serve as substrate for sulphate-reducing bacteria and the
product of its metabolism, trimethylamine (TMA) is known
as a so-called non-competitive substrate for methanogenic
bacteria (Heijthuijsen and Hansen 1989).

Osmotic downshock in Rivularia atra resulted in a
corresponding decrease of the osmoticum trehalose but only
10% was recovered from the medium and the rest was
apparently metabolized or converted to glycogen (Reed
and Stewart 1983). The glucosylglycerol accumulating
strain Synechocystis PCC6714 and the sucrose-containing
Synechococcus PCC6311 released 50% of their carbohy-
drates and over 70% of their amino acids after experiencing
hypo-osmotic shock (Reed et al. 1986b). However, in some
other cyanobacteria there is no evidence for the release of
low molecular weight compounds upon hypo-osmotic shock
(Reed and Stewart 1988). The release by cyanobacteria
of low molecular weight compounds into a microbial mat
would have a great impact on the ecosystem. The cellular
concentration of these osmolytes is considerable and at full
seawater salinity it may amount to as much 270 mM. These
carbohydrates are easy accessible substrates for chemotrophic
bacteria in the mat. Except in the case of a hypo-osmotic
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shock, which may occur in exposed microbial mats after a
rain shower for instance, osmotica will also be liberated after
death and lysis of the organism.

Microbial mats have often been found to evolve dimeth-
ylsulphide (DMS), a sulphur-containing organic volatile
compound. It is known that DMS can be produced from
dimethylsulphoniopropionate (DMSP) by microbial activity
or by chemical decomposition at high pH (Kiene and Visscher
1987). DMSP occurs in a number of algae where its most
likely function is that it serves as osmoprotectant (Turner
et al. 1988). Vogt et al. (1998) suggested that some cyano-
bacteria might perhaps contain minor amounts of DMSP
and Visscher and Van Gemerden (1991) suggested that
M. chthonoplastes (Geitlerinema) may produce DMSP as a
secondary osmolyte and could be the source of DMS in
microbial mats. However, Van Bergeijk and Stal (1996) found
a correlation between the number of diatoms in these mats
and the amount of DMS that evolved from it. Some benthic
diatoms accumulate large amounts of DMSP as osmoticum.
It is possible that cyanobacteria take up DMSP from the
environment (Vila-Costa et al. 20006).

4.5.7 Fermentation

When in microbial mats photosynthesis ceases, they may
rapidly, sometimes even within minutes, turn anoxic. Cyano-
bacteria are essentially aerobic organisms that during the
dark normally have a respiratory metabolism in which
the endogenous storage carbohydrate glycogen is degraded
(Smith 1982). When oxygen is absent, aerobic respiration is
evidently not an option. Many cyanobacteria die and lysis
occurs within 2-3 h after transfer to dark anoxic conditions.
However, mat-forming cyanobacteria survive dark anoxic
conditions for much longer time, often for several days.
A number of these cyanobacteria were investigated in more
detail and it was discovered that they were capable of
fermenting glycogen. Fermentation as a constitutive property
would have a number of advantages. Primarily, it would
greatly increase the reactivity of the organism. Microbial
mats are generally environments in which steep gradients of
light and oxygen occur and these factors fluctuate strongly.
If oxygen disappears rapidly, fermentation can immediately
provide energy for maintenance, allowing the organism to
survive. The excretion of fermentation products by cyanobac-
teria is an important process in microbial mats because it
supplies other microorganisms, notably the sulphate-reducing
bacteria, with substrate.

There is a great diversity of fermentation pathways in cyano-
bacteria. In some cases the pathways have been elucidated by
the demonstration of the enzymes involved. In O. limosa
(Lyngbya) the presence of the key enzymes of the homoacetate
pathway has been demonstrated as well (Heyer et al. 1989).
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Table 4.2 Cyanobacteria capable of fermentation (After Stal and Moezelaar 1997)

Organism

Anabaena azollae AalL
Anabaena azollae AaN
Anabaena azollae AaS
Anabaena siamensis Asl
Cyanothece

Microcoleus chthonoplastes

Microcystis aeruginosa

Strain, origin

Symbiont from Azolla caroliniana
Symbiont from Azolla caroliniana

Symbiont from Azolla filiculoides

Paddy field

PCC 7822 (Inst. Pasteur)
Microbial mat

PCC 7806 (Inst. Pasteur)

Nostoc sp. Cc Symbiont from Cycas circinalis

Nostoc sp. Al2
Nostoc sp. Efl
Nostoc sp. MAC
Nostoc sp. Mm1
Nostoc sp. M1
Nostoc sp. Gm
Nostoc sp. T1 Paddy field
Paddy field

Hypolimnion Solar Lake

Nostoc sp. Bali
Oscillatoria limnetica

Oscillatoria limosa Microbial mat

Oscillatoria sp. Microbial mat

Oscillatoria terebriformis Hot spring microbial mat
Spirulina (Arthrospira) platensis Not known

Spirulina sp. Not known

Symbiont from Anthoceros laevis
Symbiont from Encephalartos ferox
Symbiont from Macrozamia lucida
Symbiont from Macrozamia moorei
Symbiont from Macrozamia sp.

Symbiont from Gunnera manicata

Fermentation

pathway Products®

Homoacetate Acetate (lactate, CO,, H,)
Homoacetate Acetate (lactate, CO,, H,)
Homoacetate Acetate (lactate, CO,, H,)
Homoacetate Acetate (CO,, H,)

Mixed acid H,, ethanol, lactate, formate, acetate
Mixed acid H,, ethanol, lactate, formate, acetate
Mixed acid H,, ethanol, acetate

Homoacetate Acetate (lactate, CO,, H,)
Homoacetate Acetate (lactate, COZ, H2)
Homoacetate Acetate (lactate, CO,, H))
Homoacetate Acetate (lactate, CO,, H))
Homoacetate Acetate (lactate, CO,, H,)
Homoacetate Acetate (CO,, H,)

Homoacetate Acetate (lactate)

Homoacetate Acetate (formate, CO,, H,)
Homoacetate Acetate (CO,, H,)

Homolactate Lactate

Heterolactate Lactate, ethanol, acetate
Homoacetate

Not known Lactate, ethanol, acetate, formate
Homolactate? ?

Mixed acid H, ethanol, acetate, formate, lactate
Not known Lactate, acetate

*Compounds in brackets are produced in minor quantities (From Stal and Moezelaar 1997)

?: uncertain

In the majority of pathways the Embden-Meyerhof-Parnas
pathway (glycolysis) was involved in fermentation. Only the
heterolactate fermentation makes use of parts of the oxidative
pentose phosphate pathway. The oxidative pentose phos-
phate pathway is used by cyanobacteria during aerobic dark
respiration and it is essentially the reverse of the reductive
pentose pathway, which serves CO, fixation in the light
(Smith 1982). In all cyanobacteria capable of fermentation
the capacity for fermentation appears to be constitutive (Stal
and Moezelaar 1997).

Stal and Moezelaar (1997) reviewed fermentation in cyano-
bacteria. Table 4.2 lists cyanobacteria capable of fermenta-
tion. The phenomenon was first discovered in O. limnetica
(Geitlerinema) (Oren and Shilo 1979), which occurs in the
sulphide-rich hypolimnion of Solar Lake, Sinai, and is typi-
cally adapted to anaerobic growth. In the dark this organism
ferments glycogen to lactate. Since no other fermentation
product was found, it was assumed that the homolactic acid
pathway was used in this organism. In the non-heterocystous
diazotrophic mat-building O. limosa (Lyngbya), heterolactic
acid fermentation was found (Heyer et al. 1989). This organ-
ism produced equimolar amounts of lactate and ethanol from
glycogen. In addition, it is capable of homoacetic fermentation,
for which its osmoprotectant trehalose was used as substrate.
Trehalose was degraded to 5—6 acetate and some hydrogen

and CO,. The occurrence of homoacetate fermentation in
cyanobacteria is remarkable, since it further only occurs in a
group of specialized anaerobic bacteria, the acetogenic
bacteria. Homoacetate fermentation is energetically efficient.
The occurrence of homoacetate fermentation has been pro-
posed in a number of other cyanobacteria (De Philippis et al.
1996). The degradation of the osmoprotectant in O. limosa
(Lyngbya) was another unexpected phenomenon. Trehalose
represents a large amount of energy, which may be important
for the organism to use under a situation of severe starvation.
The question of how the organism compensates for the loss
of compatible solute has not been answered, but it has been
suggested that this may be through a temporary accumulation
of inorganic ions such as K* (Stal and Moezelaar 1997).
Also, the mat building cyanobacterium M. chthonoplastes
(Geitlerinema) has been shown to ferment part of its
osmoprotectant (Moezelaar et al. 1996). M. chthonoplastes
(Geitlerinema) accumulates the heteroside glucosyl glycerol
which is only degraded in cultures that contain low amounts of
glycogen. Unlike in O. limosa (Lyngbya), M. chthonoplastes
(Geitlerinema) possesses just one fermentation pathway.
Glycogen and the glucose part of glucosyl glycerol are
fermented via a mixed acid fermentation, resulting in the
formation of formate, acetate, ethanol, lactate, H, and some
CO,. The presence of the homoacetogenic pathway allows
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O. limosa (Lyngbya) acetogenesis from CO, and H, (Stal,
unpublished observations). Acetogenesis from CO, has been
observed in anoxic sediment (Hoehler et al. 1999).

Hydrogen is often a product of fermentation in cyanobac-
teria. Hydrogenases in cyanobacteria have been extensively
reviewed by Tamagnini et al. (2002, 2007). Cyanobacteria
possess different hydrogenases. N -fixing cyanobacteria
produce hydrogen as a by-product of nitrogenase. Because
nitrogenase obligatory produces hydrogen during N, fixation,
aerobic N -fixing cyanobacteria usually possess an uptake
hydrogenase. This enzyme carries out an oxy-hydrogen
reaction. The third type of hydrogenase in cyanobacteria is
reversible hydrogenase. This enzyme is frequently found in
obligate anaerobic bacteria. Depending on the conditions it
catalyses either the uptake or the production of hydrogen at
approximately equal rates. Although its function in cyanobac-
teria has been debated for some time, reversible hydrogenase
plays an important role in fermentation (Stal and Moezelaar
1997). Hydrogen concentrations are kept low in microbial
mats because sulphate reducing bacteria, acetogenic bacteria,
methanogenic bacteria and anoxygenic phototrophic bacte-
ria use it as energy source and/or as electron donor (Hoehler
et al. 2002). The escape of reduced gases from microbial mats
into the atmosphere may have contributed to the oxygenation
of the oceans on early earth (Hoehler et al. 2001).

Elemental sulphur may serve as electron acceptor in
cyanobacteria. Many cyanobacteria have been shown to be
able to reduce elemental sulphur to sulphide. It has been
suggested that this process in O. limnetica (Geitlerinema)
might represent a form of anaerobic respiration (Oren and
Shilo 1979). However, in other cyanobacteria the advantage
of the reduction of sulphide is probably that it serves as
electron sink, allowing the formation of more oxidized pro-
duct (acetate) which results in a higher amount of substrate
phosphorylation.

Stal and Moezelaar (1997) have discussed the bioenergetics
of fermentation in a number of different cyanobacteria for
which sufficient information is available. Although evidently
the amount of energy that is generated during fermentation is
low, calculations showed that it usually exceeded the minimum
amount required for maintenance. This remaining energy
could potentially drive metabolic processes. For instance,
0. limosa (Lyngbya) is even capable of maintaining a con-
siderable rate of N, fixation under anaerobic conditions in
the dark (Stal and Heyer 1987).

Hot spring microbial mats consisting of Synechococcus
switched on a variety of genes involved in fermentation when
in the dark and anaerobic conditions although the fermentation
products were not identified (Steunou et al. 2006). This
fermentation supported the fixation of N, that occurred in the
dark in these mats. Anderson et al. (1987) investigated the fate
of representative fermentation products (acetate, propionate,
butyrate, lactate, and ethanol) in hot spring cyanobacterial
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mats. Fermentation occurred mainly in the top 4 mm of the
mat. In thelight, filamentous bacteriaresembling Chloroflexus
aurantiacus photoassimilated the fermentation products.
In the dark under anaerobic conditions, only lactate was
oxidized and also the extended incubation under these condi-
tions did not enhance the metabolism of acetate, propionate,
or ethanol. Acetogenic bacteria converted butyrate into
acetate. In mats occurring at temperatures ranging from
50°C to 70°C acetate and propionate accumulated under
dark anaerobic conditions.

4.5.8 Extracellular Polymeric Substances (EPS)

Extracellular polymeric substances are important components
of microbial mats. They are involved in the attachment of
cyanobacteria to the substrate and are essential structuring
molecules by producing a matrix in which the organisms
are embedded (Decho 2000). This polymeric matrix fulfils
a number of other important functions in microbial mats,
which will be discussed below.

Cyanobacterial exopolysaccharides are complex molecules
composed of 6 or more different monosaccharides out of a
suite of at least 12 sugars (De Philippis and Vincenzini 1998).
The variety of linkages that is possible gives a broad range of
possible structures. Cyanobacteria produce polysaccharides
which can be roughly categorized in three groups: (i) endo-
genous polysaccharides that serve as storage compounds;
(ii) cell envelope polysaccharides; (iii) extracellular polysac-
charides. The endogenous polysaccharides in cyanobacteria
can be found in the so-called a-granules, which are com-
posed of a branched glycogen-like polymer. This polymer
consists of a(l-4) and a(1-6) linked glucose molecules.
The cell envelope consists of the cell wall polysaccharides
and the external layers (glycocalyx). The glycocalyx can be
subdivided in (i) the well-structured polysaccharide sheath,
(i) a polysaccharide capsule which extends outside the
sheath but is clearly associated with the organism and is less
structured and (iii) mucilage polysaccharide. The latter is not
or very loosely associated with the organism. In fact, the
polysaccharides that form the glycocalyx should all be
considered as extracellular polysaccharides or exopolysac-
charides (Fig. 4.16). Exopolysaccharides that are released
into the surrounding environment may be the colloidal sus-
pended molecules originating from any of the glycocalyx
components. The different fractions are often poorly defined
and mostly based on the different extraction procedures.
Relatively little is known about cyanobacterial exopolysac-
charides and their biosynthetic pathways are complex and
not well known (Pereira et al. 2009).

Microbial exopolymers, including those produced by
cyanobacteria, are high molecular weight mucous secretions
that often have a complex structure. The molecular weight is
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often more than 100,000 Da. Although polysaccharides are
quantitatively the most important part of these exopolymers,
other components are present as well. Proteins make up a
significant part of the exopolymers (Decho 1990). These
polymers are also known as extracellular polymeric sub-
stances (EPS). The composition and structure of EPS vary
widely among different microorganisms (Tago and Aida
1977; Bertocchi et al. 1990; Decho 1994; Stal 1994) and
even one single strain may produce more than one type EPS
simultaneously or at different stages of growth (Christensen
et al. 1985). Most of the polysaccharides in EPS are hetero-
polysaccharides that are composed of a variety of different
monosaccharides, arranged in repeating units. EPS often
containuronicacids suchas D-glucuronic acid, D-galacturonic
acid and D-mannuronic acid. These are important functional
groups because they contain carboxyl groups that are respon-
sible for interactions with other EPS molecules or the bind-
ing of metals. However, other types of EPS are composed of
neutral sugars. Extracellular polymeric substances may be
hydrophilic or hydrophobic. Many are hydrophilic and may
contain over 95% water by weight (Decho 1994). Depending
on the chemical composition and the functional groups pres-
ent, the tertiary structure of EPS is determined. The tertiary
structure of EPS determines whether it is a cohesive gel or in
a colloidal form. An intermediate form could be described as
nonconsolidated mucilage (Decho 1994). The tertiary struc-
ture of EPS not only depends on the chemical composition
but also strongly on temperature. Microbial mats and inter-
tidal mudflats during emersion are subject to large variations
in temperature and this will thus affect the cohesiveness and
rheological properties of the sediment.

A large number of functions have been ascribed to EPS
(Decho 1990). These include adhesion and immobilisation
of the organism, protection against desiccation, protection
from grazing, protection from toxic substances, scavenging
of trace metals, and (anti-) calcification. Some of these func-
tions will be discussed below as far as they are relevant to
microbial mats.

Organisms in microbial mats are often subject to desicca-
tion. EPS may retain large amounts of water and form a gel
that stabilizes the macromolecular components and the cell
structure of the cyanobacteria and organisms that produce it
may overcome long periods of drought by forming hydrogen
bonds with proteins, membrane lipids and DNA, thereby
replacing the water shell surrounding these cell constituents
(Caiola et al. 1996; Potts 1994). Some cyanobacterial EPS
may be hydrophobic due to the presence acetyl-groups,
peptide moieties or desoxysugars which determine the emul-
sifying properties and the rheological properties (Neu 1992).
Particularly, EPS containing uronic acids or hydrophobic
proteins may be important for micro-organisms, including
cyanobacteria and diatoms, enabling these to attach to surfaces
(Robins et al. 1986). For benthic organismes, it is important to

eps; mucilage; biofilm matrix

polysaccharide capsule or sheath

cell

Fig. 4.15 Capsular and slime extrapolymeric substances (EPS) and
the formation of a microbial mat

stay on surfaces when conditions are optimal for growth.
Some cyanobacteria are capable of modifying EPS from
hydrophobic to hydrophilic and they may thus detach from a
surface when conditions become inappropriate (Bar-Or et al.
1985). Benthic communities of diatoms may attach to the
surface of intertidal mudflats by the production of hydrated and
hydrophilic exopolymers during periods of emersion. During
immersion, these polymers go into solution releasing the
diatoms into the water column (Talbot et al. 1990). Benthic
cyanobacteria may secrete flocculants, exopolymers that pro-
duce flocs with detritus and other material in the overlying
water. These flocs eventually sediment, thereby clearing the
overlying water and hence improving the conditions for these
benthic phototrophs (Bar-Or and Shilo 1987, 1988).

Mat-forming cyanobacteria that excrete EPS produce a
matrix that stabilizes the sediment (Fig. 4.15). This is also
the case with benthic films of diatoms that grow on intertidal
mudflats (Paterson 1989; Stal 1994; Yallop et al. 1994). In the
desert, hydrophobic EPS of microbial crusts cause the
run-off of water preventing erosion (Mazor et al. 1996;
Kidron et al. 1999).

Uronic acids are important components of EPS because
these charged groups interact with sediment particles. Thus,
EPS with a large content of uronic acids are more efficient in
the stabilization of sediments (Martin 1971; Stal 1994).
Sulphated groups and uronic acids contribute to the anionic
nature of exopolysaccharides which determines the sticky pro-
perties of these molecules. EPS may also contain sulphated
sugars. As the uronic acids, sulphate groups are also important
for the tertiary structure of the polysaccharide and influence
the stability of the microbial mat matrix (Decho 1990). Uronic
acids as well as sulphate groups interact with a variety of
metals. This may either result in the immobilization of toxic
metals or scavenge trace metals that are important nutrients.
The uronic acid groups of polysaccharides may be involved in
the regulation of calcification. Sulphated polysaccharides are
often encountered in algae but rarely in archaea and bacteria,
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including cyanobacteria (Bertocchi et al. 1990). Nevertheless,
sulphated polysaccharides have been found in cyanobacteria
(Tease et al. 1991; Ortega-Calvo and Stal 1994) and a
more thorough investigation of mat-forming cyanobacteria
may reveal that such polysaccharides are more common
in this group of organisms as previously thought (Pereira
et al. 2009).

The polysaccharide produced by the mat-forming cyano-
bacteria fulfils an important function as a matrix for exoen-
zymes, plasmids and DNA (Decho 1990). Extracellular DNA
is protected from DNases in the sediments (Romanowski
et al. 1991), and may give rise to natural transformation in
these ecosystems (Lorenz and Wackernagel 1990, 1994).
Hence, in microbial mats, gene exchange may take place.

A considerable number of functions can be attributed to
EPS but it is not clear what controls the formation of this
polysaccharide and how this relates to one or more of the
possible functions. It may very well be that the production of
mucilage by cyanobacteria is the result of unbalanced growth
caused by nutrient deficits (Lange 1976). Particularly a
shortage or deficiency of nitrogen and sulphur results in the
stagnation of protein synthesis while the full photosynthetic
capacity remains. Under such conditions cyanobacteria
accumulate large amounts of glycogen (Allen and Smith 1969;
Lehmann and Wober 1976). The capacity of the cell to store
glycogen is limited and any additional polysaccharide may
be excreted as mucilage. Old starved cultures often become
viscous as a result of excess mucilage production. In the
modern marine stromatolites of Highborne Cay, Bahamas,
the maximum EPS production represented 7% of the total
CO, fixation while most the fixed carbon was released as
low-molecular weight dissolved organic carbon.

Little is known about the fate of EPS in mats. Some
polysaccharides appear to be recalcitrant to microbiological
degradation, whereas others are not. EPS that is newly formed
in a microbial mat may be transformed rapidly (within 12 h)
through the degradation by heterotrophic organisms, particu-
larly by sulphate reducing bacteria (Decho et al. 2005). This
is interesting because sulphate reducing bacteria are thought
to degrade preferentially low-molecular weight organic com-
pounds such as acetate, lactate and ethanol. The degradation
of EPS was incomplete causing the accumulation of a more-
refractory remnant polymer that was enriched in nitrogen.
Net production of EPS in the Highborne Cay stromatolites
was less than 2% of the total inorganic carbon uptake (Decho
et al. 2005). A similar model of the origin of different
fractions of EPS has been proposed for diatom biofilms
(Stal 2010). In this model diatoms were supposed to produce
one type of EPS which was enriched in glucose. Degradation
and the preferential utilization of the glucose component left
an EPS that was relatively depleted in glucose and enriched
in uronic acids which was refractory and accumulated in the
biofilm.
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4.6 Calcification in Mats and Stromatolites
The biological control over calcium carbonate precipitation
in the ocean leads to overproduction. It is estimated that 5 Gt
calcium carbonate is annually produced in the ocean of
which 3 Gt is removed from the system by incorporation and
accumulation in sediments, while the other 2 Gt is dissolved
(Milliman 1993). The weathering of rock on the continents
causes a continuous runoff of calcium and carbonate into the
sea. Therefore the oceans tend to be supersaturated with
calcium carbonate. In order to maintain a steady state, the
amount of calcium carbonate removed from the oceans must be
the same as that entering. However, it is estimated that twice
as much calcium is removed from the ocean by calcium
carbonate precipitation than is brought in (Milliman 1993).
This means that the ocean is not in equilibrium or that,
sources and sinks are respectively under- or overestimated.
The equilibrium of calcium carbonate in the oceans could be
maintained by the dissolution of the excess calcium carbonate.
Part of this dissolution is biologically controlled because it
acts as a pH buffer for respiratory and fermentative processes.
Another part dissolves in the deep sea, which is under saturated
with calcium carbonate. Some calcium carbonate leaves the
system by sinking as fecal pellets to the ocean floor or by fast
burial. Although the surface waters of the ocean are super-
saturated with calcium carbonate spontaneous precipitation
does not normally occur.

Calcification is responsible for the lithification of micro-
bial mats and is the basis of the formation of stromatolites.
In most cases calcification seems under a stringent biological
control, but the mechanisms by which living organisms
influence the precipitation of calcium carbonate are poorly
understood. Whereas the function of calcium carbonate pre-
cipitation in many organisms is obvious (e.g. shell or skeleton
formation) this is not the case in microorganisms, including
algae and cyanobacteria. Calcification in bloom-forming
algae such as the coccolithophore Emiliania huxleyi would
predominantly serve the production of CO, for subsequent
photosynthetic fixation:

2HCO, + Ca®* <> CaCO, + CO, +H,0

The so-called ‘whitings’, clouds of aragonite needles, that
often occur in tropical lagoons and that have been considered
as inorganic precipitates may be produced by the photo-
synthetic activity and CO, fixation of dense communities
of picoplankton that increase carbonate ion (Robbins and
Blackwelder 1992). Calcification in microbial mats may
serve as a mechanism of producing CO, or it results from an
increase in the concentration of the carbonate ion. Due to the
dense phototrophic biomass and high rates of photosynthesis
and the alkaline conditions it is likely that mats become
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depleted in CO,. Another function that has been proposed is
the detoxification of intracellular calcium. But whatever the
function, calcification can be generally inferred from the
changes in the concentration of inorganic carbon and from
the low solubility product of calcium carbonate.

Calcium carbonate is rather insoluble. Aragonite, which
is often thought to be a product of biological calcium carbon-
ate precipitation, has a solubility product (K ) of 1041, and
the more stable form calcite 10 (at 25°C and salinity of
35) (Zeebe and Wolf-Gladrow 2001). This means that when
the ion activity product (IAP) (molar concentrations multi-
plied by their activity coefficients) of {Ca*} and {CO,*} in
a solution exceeds 107! calcium carbonate is saturated,
although several-fold supersaturation is normally required
for spontaneous precipitation (Arp et al. 2001).

{ca* }+{co,” } - caco,

The concentration of calcium-ion in seawater is about
102 M (Ehrlich 1996). When the concentration of calcium
ion is assumed to be constant, then the carbonate concentra-
tion determines calcification. CO, reacts with water to form
bicarbonate and this dissociates according to the following
reversible reactions:

CO, +H,0 < H" + HCO,”
HCO,” «<>H"+ CO,*"

Typical physicochemical processes that cause calcification
are degassing of CO, and evaporation of water due to solar
radiation. Evaporation leads to the formation of brines in
which minerals precipitate, of which calcium carbonate is
only a minor component (Yechieli and Wood 2002). In hot
spring microbial mats degassing of CO, shifts the equilibrium
towards the carbonate ion and to the formation of travertine
deposits (Fouke et al. 2000).

In microbial mats, a number of biological processes
influence the equilibriums of carboxy species and hence may
control calcification (Dupraz et al. 2009). These include
specific metabolic processes in which CO, is consumed such
as photosynthesis, chemosynthesis and, less importantly,
heterotrophic CO, fixation. Metabolisms in which CO, is
produced such as respiration and fermentation may cause
an acidification of the medium and eventually result in
dissolution of calcium carbonate rather than precipitation.
Nevertheless, Krumbein (1974) demonstrated the formation
of aragonite on the surface of marine bacteria as the result of
their metabolism of substrates such as glucose, sodium ace-
tate and sodium lactate. However, this also strongly depends
on the environmental conditions that apply (Canfield and
Raiswell 1991). A variety of metabolic processes influence
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the equilibrium of inorganic carbon by the production of
acids and bases.

Photosynthesis is an important process in the vast majority
of microbial mats, at least in those occurring in illuminated
environments. Because photosynthesis normally involves
CO, fixation it has often been considered important for
calcification (Golubi¢ 1973; Krumbein and Giele 1979;
Pentecost 1988). The fixation of CO, from a bicarbonate
solution will result in an increase in carbonate ion:

2HCO, <> CO, +H,0 + CO,>

Other important metabolic processes in microbial mats
which remove CO, are chemosynthesis and heterotrophic
CO, fixation. Organisms that carry out chemosynthesis
include colourless sulphide oxidizing bacteria, nitrifying
bacteria, autotrophic sulphate-reducing bacteria as well as
methanogenic- and acetogenic bacteria. Heterotrophic CO,
fixation occurs in virtually all organisms but is limited
and negligible compared to the CO, produced during the
oxidation of organic compounds. This process is therefore
not important for calcification. Many reports mention
calcification as a result of photosynthesis by cyanobacteria
(e.g. Golubi¢ 1973; Krumbein and Giele 1979; Pentecost
1988; Pentecost and Bauld 1988). Calcification associated
with anoxygenic photosynthesis or anoxygenic phototrophic
bacteria has only been reported in one case in which the
purple non-sulphur bacterium Rhodopseudomonas palustris
was shown to stimulate calcification in a solution that was
oversaturated with calcium carbonate (Bosak et al. 2007).
Phototrophic sulphur bacteria produce sulphuric acid and
they will therefore cause calcium carbonate dissolution
rather than its precipitation although anaerobic sulphide oxi-
dation has been reported to be involved in calcium carbonate
precipitation in a marine stromatolite (Visscher et al. 1998).
The same holds true for most chemosynthetic metabolisms
and for heterotrophic CO, fixation. Precipitation of calcium
carbonate may be indirectly associated with oxygenic photo-
synthesis and due to an increase of pH and/or a shift in the
equilibrium of inorganic carbon (Golubi¢ 1973; Krumbein
and Cohen 1977). This was elegantly demonstrated in a
hypersaline microbial mat (Ludwig et al. 2005). These
authors showed that calcification was solely due to the
increase of the carbonate ion as the result of photosynthesis
and that the changes in the activity of calcium were not
important. The contribution of heterotrophic bacteria was
indirect as these organisms kept the concentration of
dissolved inorganic carbon high in the pore water. Sulphate
reducing bacteria did not change the pH and their effect was
solely maintaining high concentrations of dissolved inor-
ganic carbon. On the other hand, Chafetz and Buczynski
(1992) found that calcification in stromatolithic microbial
mats was associated with heterotrophic bacteria rather than
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with the cyanobacteria and these seemingly contradictory
observations emphasize the complexity of the process and
the fact that the actual environmental conditions may cause
quit different outcomes.

Aerobic or anaerobic oxidation of organic compounds
results in the production of CO, and/or HCO,™ and affects
pH and consequently causes a shift in the equilibrium of
inorganic carbon. Organic matter possessing the “Redfield”
stoichiometry of C:N:P of 106:16:1 is oxidized by O,, NO,”
and SO,* according to the following reactions (Boudreau
and Canfield 1993):

(CH,0)

106

(NH, ) H,PO, +1380,
—122H,0 +106 CO, + 16 NO,” +16H" + H,PO,

(CH,0), . (NH, )]6 H,PO, +94.4NO,"

—84.8H,0+13.6 CO, +92.4 HCO,™ +55.2N, + H,PO,

(cH,0)

106

(NH, ), H,PO, + 5380,
— 106 HCO,™ + 53H,S + 16 NH, + H,PO,

The formation of CO, and the acidification of the medium
could result in the dissolution of calcium carbonate rather
than cause its precipitation. Anaerobic respiration results in
the formation of bicarbonate and could give rise to supersat-
uration of calcium carbonate. The effects of the sequential
oxidation of organic matter by the three electron acceptors
oxygen, nitrate and sulphate on pore water pH and calcium
carbonate saturation are complex and depend on the prevail-
ing conditions (Boudreau and Canfield 1993).

In the microbial mats of Solar Lake (Sinai), it has been
shown that sulphate reduction and CaCO, formation were stoi-
chiometrically related and organic carbon was transformed
into a number of different carbonate minerals (Jgrgensen and
Cohen 1977; Krumbein and Cohen 1977; Krumbein et al.
1977). However, whether sulphate reduction in microbial
mats in reality results in calcium carbonate precipitation
depends largely on a variety of conditions that prevail in
these microbial mats. Most important is the development of
alkaline conditions, the removal of excess CO, or the pres-
ence of a suitable buffer (Ehrlich 1996). The precipitation of
sulphide as iron sulphide acts as a pH buffer. In the absence
of iron, sulphate reduction produces equal amounts of H*
and HCO{, which will thus cause a decrease of carbonate
saturation. In many microbial mats high rates of sulphate
reduction occur but despite this, calcification is absent. In the
modern stromatolites of the Exuma Cays the tightly associ-
ated sulphate reduction and anaerobic sulphide oxidation
promoted calcification, while the couple oxygenic photo-
synthesis and aerobic respiration cause calcium carbonate
dissolution (Visscher et al. 1998).
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Modern microbial mats are often considered as the
structural analogues of Precambrian stromatolites. By
definition stromatolites are lithified laminated formations.
Precambrian stromatolites were formed in shallow marine
areas. Lithification of present day coastal microbial mats is
extremely rare and it is still an enigma why this should be so.
Kempe and Kazmierczak (1990a, b) and Kazmierczak et al.
(1996) investigated stromatolites in the sea-linked Satonda
Crater Lake in Indonesia and alkaline Lake Van in Turkey,
both formed under extreme alkaline conditions. They hypo-
thesized that the greater abundance of stromatolites during
the Precambrian should be attributed to the much greater
alkalinity of the marine environment during that era (Kempe
and Kazmierczak 1990a). The hypothesis of a Precambrian
soda ocean may certainly offer an explanation for the greater
abundance of stromatolites and the discovery of modern
calcifying stromatolites in alkaline seas supports this.
Nevertheless, calcification in these stromatolites is still under
biological control rather than being a spontaneous occurrence.
Moreover, other recent stromatolites are formed under less
alkaline or normal marine conditions such as those found
in the French Polynesian atolls (Défarge et al. 1994a, b) or in
the Bahamas (Reid and Browne 1991). Even if the early
oceans were more alkaline, the marine environment today is
still supersaturated with calcium carbonate. Furthermore,
in microbial mats several biological processes predominate
which presumably increase the concentration of carbonate
ion, which theoretically should lead to calcium carbonate
precipitation. As a result of active photosynthesis and
CO, fixation in the top layer of cyanobacterial mats the pH
in these mats may reach values as high as 9.5 (Fig. 4.3)
(Revsbech et al. 1983). Although these conditions would
normally promote calcification, this does not happen in most
marine microbial mats.

There is also abundant evidence of non-lithifying
Proterozoic microbial mats that are recognized as microbi-
ally induced sediment structures (MISS), suggesting that the
past may not have been so different from the present (Noffke
et al. 2006; Noffke 2009). An experiment in which a
non-lithifying mat was transplanted into an environment
with lithifying microbial mats showed that it was now capa-
ble of calcification (Dupraz et al. 2009). Kremer et al. (2008)
showed abundant calcification in an otherwise typically
non-lithifying coastal microbial mat. This indicates that
calcification is probably not so unusual and that the absence
of lithification of these mats may be due to a subsequent dis-
solution of the calcium carbonate.

Hence, spontaneous calcification does not seem to be
important in stromatolites. Biological control of calcification
may not only exist in the change of the carbonate ion con-
centration and equilibrium but also in a mechanism that
inhibits calcification (anti-calcification) (Westbroek et al.
1994). Biologically controlled calcification must distinguish



96

L.J. Stal

between supersaturation of calcium carbonate in a solution
(which is the thermodynamic force) and those factors that
influence the kinetics of the process. The latter may be either
inhibitory or stimulatory factors. Supersaturation of calcium
carbonate in the ocean is the primary driving force of
calcification that can be dramatically increased in the imme-
diate vicinity of phototrophic organisms. Because uncon-
trolled calcification in or around organisms is unwanted it
may be clear that some mechanism must exist that can inhibit
the process. Crystal poisons such as Mg*, SO,*, PO,* that
complex with CO,* and Ca*, respectively, are not sufficient
and additional mechanisms must be postulated. It is known
that some small acidic molecules may inhibit crystallization.
An example is the binding of Ca®* to oxalate (Verrecchia
et al. 1990). Acidic polysaccharides are also very effective in
binding Ca®* or interact with it (Dupraz and Visscher 2005;
Braissant et al. 2009). These interactions will doubtless
influence calcification. Figure 4.16 depicts the way in which
such polysaccharides could influence crystallization or
crystal growth (Westbroek et al. 1994). The association of a
polyanion with Ca** ions will lower the activity of the latter
below the saturation of calcium carbonate and prevent subse-
quent crystallization. Likewise, polyanions may associate
with a growing calcium carbonate crystal and prevent its fur-
ther growth. A layer of charged polymers may bind calcium
carbonate crystal and arrest its growth. The structure of such
polymers may determine crystal shape. Evidence has been
obtained that this mechanism is involved in the formation
and morphology of coccoliths in the coccolithophore
Emiliania huxleyi (Borman et al. 1982, 1987).

In microbial mats it is hypothesized that extracellular
polymeric substances (EPS) which are mainly composed of
polysaccharides serve as agents that inhibit calcification.
EPS produced by cyanobacteria are often rich in uronic acids
and contain other acidic groups such as pyruvate, succinate,
sulphate and phosphate groups and hence are negatively
charged polyanions (Bertocchi et al. 1990; De Philippis et al.
2001; Sutherland 2001). Many microbial mats are composed
of vast amounts of EPS in which the cyanobacteria and other
organisms are embedded. It is possible that this EPS acts as
an anti-calcification agent. Cyanobacterial EPS may bind
55-183 mg Ca g~! EPS (Li et al. 2001; Ortega-Morales et al.
2006). When heterotrophic bacteria decompose this EPS,
high concentrations of calcium carbonate may exist locally,

Fig. 4.16 Simplified model of the possible interactions of charged
extracellular polymeric substances with calcium carbonate:
(a) nucleation of calcium (Ca®*) and carbonate (CO32‘) ions; (b) Inhibition
of nucleation by a polyanion; (¢) Inhibition of crystal growth by
association of a crystallization nucleus with a polyanion; (d) Calcium
carbonate crystal bound to a layer of charged polymers. The growth of
the crystal may be arrested and the charged polymer may determine the
eventual shape of the calcium carbonate crystal

leading to precipitation (Dupraz and Visscher 2005). In some
non-lithifying microbial mats such as in Solar Lake (Sinai),
aragonite needles are formed in the deeper layers of the mat,
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where the organic matter is subject to degradation. Several
others have observed the association of calcification with
bacterial activity (Chafetz and Buczynski 1992; Krumbein
1979; Krumbein and Giele 1979).

Mucilage EPS is often produced by cyanobacteria as an
overflow metabolism when they experience nutrient limita-
tion. This is particularly the case under nitrogen depleted
conditions, a situation common in the marine environment.
In microbial mats, where extremely dense communities of
cyanobacteria are present there is a high demand for nitro-
gen, while there is often a shortage of this important nutrient.
Therefore, many microbial mats are diazotrophic, i.e. the
cyanobacteria that build these mats fix atmospheric dinitrogen.
However, most diazotrophic mats consist of non-heterocystous
cyanobacteria. As argued in the section on N, fixation these
cyanobacteria are not efficient N, fixers because the pro-
cess is seriously hindered by oxygen. It is likely that such
cyanobacteria in fact still are nitrogen limited. Cyanobacteria
that grow under nitrogen limited conditions tend to produce a
lot of mucilage (Ortega-Calvo and Stal 1994). It is possible
that Precambrian calcifying microbial mats were not nitrogen-
limited and that the growth of the organisms therefore might
have been balanced with less overflow metabolism and muci-
lage production. This might also hold true for modern
calcifying microbial mats. While some of these mats may rely
on a sufficient external supply of combined nitrogen, others
comprise heterocystous N,-fixing cyanobacteria that satisfy
their nitrogen demand. One example from freshwater envi-
ronments is the Rivulariaceae. This group of heterocystous
cyanobacteria produces extent calcium carbonate formations
(Whitton 1987). The marine cyanobacterium Calothrix spp.
belongs also to this taxonomic group and is known in some
cases to form microbial mats but usually does not calcify.

A model for calcification and the development of stroma-
tolites in the Exuma Cays, Bahamas is presented in Fig. 4.16.
Subtidal and intertidal stromatolites that can be found in
the Exuma Cays (Bahamas) are characterized by mats of the
cyanobacterium Schizothrix sp. The model for calcification
in these mats is based on a number of observations and
assumptions. Two types of mats of Schizothrix can be distin-
guished. Lithifying microbial mats of Schizothrix are usually
characterized by low ratios of photosynthesis over respira-
tion while the opposite is true non-lithifying mats (Pinckney
et al. 1995). Moreover, calcium carbonate was not associated
with the cyanobacteria but with heterotrophic bacteria
(Chafetz and Buczynski 1992; Chafetz 1994). It was further
assumed that extracellular polymeric substances (EPS)
may interfere by binding calcium and magnesium ions, thus
locally inhibiting carbonate precipitation (Borman et al.
1982, 1987; Westbroek et al. 1994).

Exuma Cays stromatolites are formed at high energy sites.
Intertidal stromatolites can be found on the Atlantic Ocean
coast and are exposed to high wave energy. Subtidal stroma-
tolites are almost exclusively encountered in channels with
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high currents. The cyanobacterium Schizothrix sp. is a
filamentous organism composed of thin (often less than 1 pm
wide) trichomes which are enveloped by a thin rigid poly-
saccharide sheath. This organism is capable of colonizing a
solid substrate. Because grazing pressure will be low in these
high-energy areas, a community of Schizothrix sp. may
develop. Under conditions of low sedimentation rate a mat of
Schizothrix sp. and associated microorganisms will develop
(Fig. 4.17a). These mats are rigid and tightly associated with
the underlying substrate. The cyanobacteria will grow and
produce sheath material and possibly some mucus. It is
assumed that this EPS will bind Ca?* or that uronic acids pre-
vent further growth of crystallization nuclei (Borman
et al. 1982). During a period of sedimentation, Schizothrix sp.
will move rapidly upwards by phototaxis and continue growth
in the top layers where optimum light conditions prevail. The
trichomes form a dense network in which carbonate sand
grains (ooids) are trapped and agglutinated by EPS, while
Ca?* is further bound. Empty sheaths and other organic matter
that has been abandoned deeper in the sediment will be
decomposed (Fig. 4.17b). During a subsequent period of low
rates of sedimentation a dense mat of Schizothrix sp. will
develop in the top layer of the sediment. This layer is charac-
terized by active growth of the cyanobacteria and may be
associated with abundant production of EPS. The matrix of
EPS in which the mat is embedded may bind Ca?* efficiently
and condenses EPS to the gel state (Rees 1969; Decho and
Moriarty 1990; Decho 1994). It is conceived that this will
lower the activity of this ion so that calcium carbonate will
not precipitate. Depending on the physicochemical gradi-
ents that typically develop in microbial mats due to pho-
totrophic and heterotrophic activities, some dissolution and
re-precipitation of CaCO, and re-crystallization of the car-
bonate sediment grains may occur (Fig. 4.17c). During the
next stage of development, Schizothrix sp. moves upward
after another period of high rate of sedimentation. While
growth of the cyanobacterium and the production of EPS in
the new top layer trap and agglutinate the carbonate sand,
the large amount organic matter that was left behind is
decomposed by heterotrophic bacteria. Because EPS is also
decomposed, Ca** that was bound will be released (Decho
et al. 2005). This will locally result in supersaturation of
calcium carbonate resulting in the formation of a microcrys-
talline crust of precipitated carbonate (Fig. 4.17d). A similar
type of bacterial calcification occurs during the degrada-
tion of calcium oxalate. Oxalate is a product of metabolism
of fungi and other organisms and is capable of immobilizing
calcium (Verrecchia et al. 1990). In the Exuma Cay stromato-
lites another type of biologically influenced calcification
occurs. The unicellular cyanobacterium Solentia bores in the
calcium carbonate grains, dissolving them partly and the sub-
sequent precipitation fuses the ooids, forming a solid lithified
structure (Reid et al. 2000). This model explains that in situ
calcium carbonate precipitation and lithification of the mat is
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Fig. 4.17 Simplified scheme of the development of lithified micritic
layers in Bahamas stromatolites. For explanation, see text

controlled by biology. It is indirectly associated with the
cyanobacteria but degradation of organic matter, notably EPS,
by heterotrophic bacteria is required for this process.
Alternating periods with high and low rates of sedimentation
are responsible for the formation of the laminated structure of
the lithified microbial mats, which could therefore be termed
stromatolites.

4,7 Nitrogen Metabolism and Nitrogen
Fixation
4.7.1 Introduction

In cyanobacteria nitrogen content may amount up to about
10% of dry weight and is quantitatively the third most abun-
dant element. Any shortage of it will immediately affect the
amount of phycobiliproteins and, consequently, the efficiency
of light harvesting for photosynthesis (Allen and Smith 1969).
Cyanobacteria may produce a unique nitrogenous compound
known as cyanophycin or multi-L-arginyl-poly(L-aspartic
acid). Its high nitrogen content means that it can serve as a
nitrogen reservoir (Mackerras et al. 1990a, b).
Cyanobacteria use a variety of nitrogen sources (Flores
and Herrero 1994). Ammonia can be taken up by passive
diffusion or the protonated form ammonium (NH,*) by a
specific uptake system (Fig. 4.18). The amino acids arginine,

N,
X Mat surface
Cyanobacteria
N, =—— NH,*
o protein
-E NO; ¢mmmp | mm—) AA =) =
< cyanophycin| =
NH,
2
g
3
<

Fig. 4.18 The nitrogen cycle in a cyanobacterial mat. Cyanobacteria
take up and assimilate ammonium into amino acids (AA) which are
used for protein synthesis or can be stored as cyanophycin. Amino acids
and ammonia may leak out the cells and oxidized to nitrate (nitrite) by
nitrifying bacteria. In the anoxic part of the mat ammonium and nitrate
(nitrite) is converted to dinitrogen by anammox and dinitrifying bacteria.
Nitrate (nitrite) can be taken up by the cyanobacteria and assimilated.
N,-fixing cyanobacteria produce ammonium which is subsequently
assimilated into cell material
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asparagine and glutamine have been reported to serve as
nitrogen sources in cyanobacteria (Flores and Herrero 1994).
Nitrate and nitrite are important sources of nitrogen for
cyanobacteria. This involves the uptake of nitrate or nitrite
and its subsequent reduction to ammonia. This process
involves ferredoxin as an electron donor and is therefore inti-
mately associated with photosynthesis. Urea appears also to
be a common nitrogen source for cyanobacteria (Moore et al.
2002; Valladares et al. 2002). Many cyanobacteria are capa-
ble of using dinitrogen (N,) as the source of nitrogen.

4.7.2 The Nitrogen Cycle

Nitrogen occurs in different chemical oxidation states, varying
from its most reduced form ammonia (NH,) (=3), to hydrox-
ylamine (NH,OH) (-1), dinitrogen (N,) (0), nitrous oxide
(N,O) (+1), nitric oxide (NO) (+2), nitrite (NO,") (+3) to its
most oxidized form nitrate (NO,") (+5). All of these oxida-
tion states are biologically significant and microorganisms
may carry out reduction and oxidation reactions transforming
one form into another. The element nitrogen therefore is
subject to microbiological cycling in nature. In microbial
mats all steps of the nitrogen cycle may be present and
cyanobacteria play a particular important role (Fig. 4.17).

Ammonia is assimilated into amino acids that are used for
the synthesis of proteins. Luxury uptake of nitrogen may occur
and be stored as cyanophycin. Ammonia and amino acids
may leak out of the cell. When oxygen is present, ammonium
may be oxidized via nitrite to nitrate by nitrifying bacteria.
Nitrate may be taken up by the cyanobacteria and assimilated
or under anoxic conditions converted to gaseous nitrogen by
denitrifying bacteria. Anaerobic ammonium oxidation
(anammox) is another process that leads to the conversion of
fixed nitrogen to N, (Jaeschke et al. 2009; Porubsky et al.
2009). Hence, these processes cause a loss of combined nitro-
gen, which is counteracted by the capacity of some cyano-
bacteria to fix dinitrogen (Joye and Paerl 1994). Nitrogen
cycling in microbial mats contributes to the nutrient limitation
patterns of mangrove trees. In dwarf habitats, microbial mats
serve as a source of nitrogen via the fixation of dinitrogen,
while in fringe and transition habitats, mats compete with the
trees for nitrogen via denitrification (Lee and Joye 2006).

In microbial mats the decomposition of organic matter
may be incomplete which could mean that part of the nitrogen
is not recycled and so enters the geological record (Fig. 4.17).
Hence this nitrogen is withdrawn from the microbial nitrogen
cycle. It is not clear how important this process is since even
in mats in which a net accretion of organic matter occurs, up
to 99% of the produced organic matter may be recycled
within the mat (Krumbein et al. 1977). In exceptional cases
organic nitrogen produced by N,-fixing cyanobacteria can be
transformed to nitrate deposits known as guano or caliche
nitrates (Ehrlich 1996).
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Most of the nitrogen in the biosphere is present in the
atmosphere in the form of dinitrogen (N,), which amounts to
3.9% 10" kg N. In the oceans and on land the amount of com-
bined nitrogen (organic and inorganic) amounts each about
10" kg N. The amount of nitrogen in living biomass on earth
amounts only 1.3x10" kg (Ehrlich 1996). It is generally
assumed that primary production in the marine environment
is limited by nitrogen. In particular marine microbial mats
with their dense and compressed biomass often experience
a shortage of nitrogen. The majority of organisms cannot
use the most abundant form of nitrogen, N,. Only N,-fixing
organisms (diazotrophs) are capable of using dinitrogen.
All these organisms possess nitrogenase. Cyanobacteria are
among the most important diazotrophs and in all marine
microbial mats that have been investigated to date, N, fixation
has been observed.

4.7.3 Nitrogenase

In all N -fixing organisms the enzyme complex nitrogenase
is present. This enzyme is similar in all organisms that
contain it. The complex is composed of two enzymes:
dinitrogenase reductase which is a dimer of identical sub-
units and also termed the iron-protein, which is encoded
by nifH, and dinitrogenase, a tetramer composed of two
different subunits (o, B,), encoded by nifDK. Dinitrogenase
is also known as the molybdenum-iron protein (Howard and
Rees 1994).
Nitrogenase catalyzes the following reaction:

N, +8e” +8H" + 16 MgATP
—2NH, +H, + 16 MgADP +16P,

Reduced ferredoxin is the electron donor of nitrogenase.
The equation shown above makes clear that the fixation of
N, is at the expense of considerable amount of energy and
low potential electrons. This high energy demand of nitroge-
nase presents often a problem for diazotrophic organisms
except for cyanobacteria which produce reduced ferredoxin
and convert light energy into chemical energy during photo-
synthesis. However, nitrogenase is extremely sensitive to
oxygen and therefore diazotrophic organisms must provide
an anaerobic environment in order to be able to fix N..
Cyanobacteria as oxygenic phototrophic and principally
aerobic organisms need special adaptations.

4.7.4 Dinitrogen-Fixing Cyanobacteria

Diazotrophic cyanobacteria are capable of using dinitrogen
(N,) as the sole source of nitrogen for growth. These organisms
can be subdivided in three main groups (Table 4.3).
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Table 4.3 Types and characteristics of N,-fixing cyanobacteria

Type I Heterocystous cyanobacteria

Exclusively filamentous species that differentiate special cells:
heterocysts

Strategy: spatial separation of N, fixation and oxygenic photosynthesis
and protection of nitrogenase in the heterocyst

Diazotrophic growth under fully aerobic conditions

Examples: Anabaena, Aphanizomenon, Calothrix, Fischerella,
Mastigocladus, Nodularia, Nostoc, Scytonema

Occurrence: waterblooms (freshwater lakes and brackish seas),
paddy fields, various microbial mats, symbiotic with a variety of
different organisms

Type II Anaerobic N -fixing non-heterocystous cyanobacteria
Filamentous and unicellular species
Strategy: avoidance (of oxygen)

Induction and maintenance of nitrogenase only under anoxia or low
oxygen; sulhide may be necessary in order to inhibit oxygenic
photosynthesis

Examples: Geitlerinema, Leptolyngbya, Synechococcus, many other
cyanobacteria

Occurrence: many different environments, particularly microbial mats
Type III Aerobic N,-fixing non-heterocystous cyanobacteria
Filamentous and unicellular species

Strategy: diverse and unknown (temporal separation of N, fixation
and oxygenic photosynthesis in concert with oxygen protection
mechanisms; or in case of Trichodesmium possibly a combination of
temporal and spatial separation. Nitrogenase may or may not be
confined to special cells termed ‘diazocytes’; or lacking PS-II in
uncultivated ‘Group A’)

Diazotrophic growth possible under fully aerobic conditions

Examples: Crocosphaera, Cyanothece, Gloeothece, Lyngbya,
Symploca, Synechococcus, Trichodesmium

Occurrence: tropical ocean (Crocosphaera, Cyanothece,
Trichodesmium), carbonate cave walls and paddy fields
(Gloeothece), microbial mats (Cyanothece, Gloeothece, Lyngbya,
Symploca, Synechococcus)

Group I consists of heterocystous cyanobacteria. These
filamentous organisms differentiate special cells, heterocysts,
which have lost the capacity of oxygenic photosynthesis and
have evolved a modified thick cell envelope. Heterocysts are
the site of N, fixation in these cyanobacteria. The thick
cell wall contains special lipopolysaccharides and forms a
diffusion barrier for gases, limiting the entry of oxygen.
Respiration scavenges the little oxygen that enters the
heterocyst. Since photosystem II is absent from the hetero-
cyst, no photosynthetic oxygen is evolved by these cells.
Therefore the heterocyst is virtually anoxic and provides an
excellent environment for the oxygen-sensitive nitrogenase.
Photosystem I-mediated conversion of light energy in the
heterocyst provides nitrogenase with ATP. However, for
reducing equivalents nitrogenase depends on the import of
carbohydrates from the neighbouring vegetative cells.
The strategy that heterocystous cyanobacteria have devel-
oped in order to be able to grow diazotrophically can be best
described as the spatial separation of the two incompatible
processes of N, fixation and oxygenic photosynthesis.

L.J. Stal

Among the cyanobacteria heterocystous species are the ulti-
mate adapted organisms for N, fixation. The vast majority of
heterocystous cyanobacteria can be found in freshwater or
terrestrial systems, both free-living and as symbionts.

Heterocystous cyanobacteria occur in some brackish
basins but are rare in the marine environment, including
microbial mats. Fischerella and Mastigocladus form mats in
thermal springs. The heterocystous Calothrix sp. has been
found as the dominant organism in microbial mats in the
tidal area of the Pacific coast in Baja California Sur, Mexico.
Calothrix is also known from a variety of other marine and
brackish habitats such as the spray zone of rocky shores
(Jones and Stewart 1969; Whitton and Potts 1982). Mats of
the heterocystous cyanobacterium Anabaena have been
found in a coastal lagoon in southwest France (Villbrandt
and Stal 1996) and Nodularia occurs in coastal microbial
mats of the Dutch barrier islands (Severin and Stal 2008).
However, these are exceptions rather than a rule. The vast
majority of microbial mats are built by non-heterocystous
cyanobacteria, notwithstanding the facts that in many cases
N, fixation is a crucial process in these systems.

Group II consists of filamentous and unicellular cyano-
bacteria that do not show cell differentiation and are capable
of N, fixation only under virtually anoxic conditions with
no oxygenic photosynthesis occurring. These organisms,
although possessing the genetic capacity of synthesizing
nitrogenase, have obviously not evolved a mechanism to
protect effectively nitrogenase from oxygen inactivation.
Consequently, their strategy can be characterized as avoid-
ance of oxygenated environments. Such environments
usually also prevent oxygenic photosynthesis. Among the
non-heterocystous cyanobacteria up to about 50% may
belong to this group of organisms but for virtually all of them
it is uncertain whether they live diazotrophically in their nat-
ural environment. Non-heterocystous cyanobacteria that are
capable of inducing nitrogenase activity under anaerobic
conditions can be found in many environments, including
microbial mats. However, most environments in which these
cyanobacteria occur are permanently oxygenated and there-
fore diazotrophic growth is unlikely. In contrast, microbial
mats are often characterized by steep and fluctuating gradients
of oxygen and sulphide. Anoxia frequently occurs in micro-
bial mats; this as a rule coincides with high levels of sulphide,
a very potent inhibitor of oxygenic photosynthesis. Thus, it
is not surprising that evidence hinted to anaerobic N, -fixing
cyanobacteria growing diazotrophically in microbial mats in
which H,S was present (Villbrandt and Stal 1996).

Group III cyanobacteria also comprise non-heterocystous
filamentous and unicellular cyanobacteria but they are
remarkable as they possess the capacity of inducing nitro-
genase and growing diazotrophically under fully aerobic
conditions. To date our knowledge of how these organisms
are protecting their undoubtedly oxygen-sensitive nitrogenase
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is incomplete. Although the number of species that we know
that possess this capability is still relatively rare, their
numbers are increasing at steady pace. Examples can be
found in terrestrial environments such as cave-walls, paddy
fields and thermal springs, and in the marine environment.
Freshwater lakes apparently do not harbour aerobic N -fixing
non-heterocystous cyanobacteria. In the ocean the planktonic
colony-forming Trichodesmium spp. is known as an efficient
diazotrophic growing, non-heterocystous cyanobacterium.
In addition, several unicellular diazotrophic cyanobacte-
ria occur in the oceans. These include Crocosphaera and
Cyanothece (Needoba et al. 2007). The pico-sized and
hitherto uncultivated ‘Group A’ cyanobacteria are abundant
and metagenomic analyses suggest that these organisms may
lack the oxygenic photosystem II (Zehr et al. 2008). Their
mode of life is unclear and could either be photoheterotrophic
or symbiotic. Strikingly, diazotrophic cyanobacteria in the
oceans are confined to the tropical and subtropical regions
with surface water temperature well above 20°C. In microbial
mats aerobic N -fixing non-heterocystous cyanobacteria are
reported to belong predominantly to the genera Oscillatoria
and Lyngbya, which are morphologically and phylogeneti-
cally closely related to Trichodesmium. However, in a variety
of environments unicellular N,-fixing cyanobacteria such as
Cyanothece, Gloeothece and Synechococcus are known to
build microbial mats.

The first report of a culture of a filamentous non-
heterocystous aerobic N -fixing cyanobacterium was by
Pearson et al. (1979). This organism was originally
identified as Microcoleus chthonoplastes but later re-
named as Symploca sp. (Janson et al. 1998). Symploca sp.
is also morphologically related to Oscillatoria, and was iso-
lated from a tidal microbial mat (Pearson et al. 1979; Malin
and Pearson 1988). It has been proposed that the strategy
of aerobic non-heterocystous cyanobacteria, in analogy with
the heterocystous species, is temporal separation of the
incompatible processes of photosynthesis and N, fixation.
The latter would than occur during the dark (Mullineaux et al.
1981; Stal and Krumbein 1987). However, not all species in
this group follow this strategy. Trichodesmium spp. fix N,
during the day (Capone et al. 1990). Moreover, all species that
have been cultured are capable of growing diazotrophically
under continuous light and, in the unicellular Gloeothece
sp., culture conditions can be chosen under which N,
fixation occurs during the light period of a light dark cycle
(Ortega-Calvo and Stal 1991).

4.7.5 Daily Variation of N, Fixation
N, fixation has a high demand of energy and low-potential

reducing equivalents. For the oxygenic phototrophic cyano-
bacteria light is the source of ATP generation and electrons
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are derived from water and transferred to ferredoxin mediated
by photosynthetic electron transport. Thus, in cyanobacterial
mats N, fixation ought to be directly linked to light. However,
since oxygen exerts a negative effect on nitrogenase, daily
variations of N, fixation in microbial mats can be expected.
The patterns of these daily variations will depend on the type
of diazotrophic cyanobacterium and on the dynamics of light
and oxygen in the mat. In Fig. 4.19 five daily patterns of
nitrogenase activity, measured in different microbial mats,
are depicted.

N, fixation in heterocystous cyanobacteria is intimately
linked to light. The heterocyst is not capable of CO, fixation
and therefore does not accumulate storage carbohydrate, as
is the case in vegetative cells. Dark energy generation in
heterocysts will be limited because at one hand the reducing
equivalents must be imported from the vegetative cells while
at the other hand the oxygen entry in the heterocyst is limited
as a result of the diffusion barrier provided by the cell wall
(Walsby 1985). Therefore it is not surprising that daily
variations of N, fixation in communities of heterocystous
cyanobacteria are strongly light dependent (Griffiths et al.
1987; Storch et al. 1990; Stal 1995; Falcén et al. 2007)
(Fig. 4.18a). However, considerable dark nitrogenase activity
may occur in such communities. The ratio of light over dark
nitrogenase activity in different populations of heterocystous
cyanobacteria varies considerably and is possibly dependent
on the species, the light history or other conditions.

In microbial mat communities composed of non-
heterocystous cyanobacteria the daily pattern of N, fixation
is less predictable (Paerl et al. 1989, 1996) (Fig. 4.18b—e).
This depends largely on the type of organism and prevailing
conditions in the mat. Moreover, due to the fact that these
conditions may also vary from day to day (tidal movement,
light and overcast, temperature and other factors), the daily
pattern of N, fixation may change considerably.

The daily pattern of N, fixation in non-heterocystous
cyanobacteria is the result of the combined effects of oxygen,
light, and in some cases sulphide. As in heterocystous cyano-
bacteria, non-heterocystous species must supply nitrogenase
with sufficient energy and low-potential reducing equivalents.
This condition is satisfied in the light but the serious draw-
back is the evolution of oxygen. In such mats, photosynthesis
obviously must occur at daytime and N, fixation is confined
to the night (Fig. 4.18b). For instance this is the case in mats
of Gloeothece and Oscillatoria. Whereas during the day
microbial mats often become supersaturated with oxygen
because the diffusion of this gas is limited, at night they may
turn anoxic within minutes (Stal 1995). The microbial com-
munity, including the cyanobacteria, consumes oxygen in the
dark by respiration. Obviously, anoxic conditions are ideal for
N, fixation, but pose a problem with respect to the supply of
energy and reducing equivalents. However, all cyanobacteria
isolated from marine microbial mats and tested appeared to be
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Fig. 4.19 Five typical patterns of daily variation of N, fixation
(ARA, relative units) in microbial mats: (a) Mat of the heterocystous
Calothrix sp. in Baja California, Mexico (Data from Stal et al. 1994);
(b) Mat of the unicellular Gloeothece sp. on the wall of a carbonate
cave (Data from Griffiths et al. 1987); (¢) Mixed mat of the non-hetero-
cystous Microcoleus chthonoplastes and Lyngbya sp. of a tidal flat of
the North Sea island of Mellum (Data from Villbrandt et al. 1990); (d)
Mat dominated by Lyngbya sp. (location as ¢) (Data from Villbrandt
et al. 1990); (e) Mat of non-heterocystous Lyngbya aestuarii (location
as a) (Author, unpublished)

capable of fermentation of endogenous storage carbohydrate
(Stal and Moezelaar 1997). Although the energy generation
by fermentation is undoubtedly small, it has been shown
that it exceeds many times the extremely low maintenance
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requirements of cyanobacteria (Stal and Moezelaar 1997).
It has also been shown that dark anoxic conditions supported
considerable nitrogenase activity in the filamentous, non-
heterocystous cyanobacterium Oscillatoria limosa (Lyngbya
aestuarii) (Stal and Heyer 1987). In microbial mats in which
this cyanobacterium occurred, daily patterns of N, fixation
were found in which this activity was low but totally confined
to the dark (Villbrandt et al. 1990). However, other patterns
were also observed at different times in the same mats with
the same organism. For instance, it could often be seen that
nitrogenase activity peaked around sunset and sunrise
(Fig. 4.18c). This was confirmed by experiments with O.
limosa grown in the laboratory under an alternating light
dark cycle and with anoxic conditions established 1 h after
the onset of the dark period and aerobic conditions
1 h after the onset of the light period (Stal and Heyer 1987).
Highest nitrogenase activities in these cultures were obtained
in the light in the absence of oxygen. Also, in natural samples
it has been observed that highest nitrogenase activities
occurred at sunrise (Villbrandt et al. 1990) (Fig. 4.18d).
Exactly the same observation was done for the hot spring
unicellular cyanobacterium Synechococcus (Steunou et al.
2008). NifH was transcribed at the end of the day but the
nitrogenase was present during the whole night and dis-
appeared once the mat became enriched by oxygen the next
day. Nevertheless, during most of the night nitrogenase
activity was low, and revealed a small peak at sunset and a
large peak at sunrise. This is because light is available while
oxygen is still absent. After sunset, oxygen may have been
present for some time, allowing energy generation through
aerobic respiration. Once anoxic conditions are established
only low rates of nitrogenase activity can be supported by
the lower rate of fermentative energy generation. Vertical
profiles of oxygen measured during a 24 h period have
shown that the mat which possessed this type of fluctuating
nitrogenase activity, oxygen was indeed present during the
first hours after sunset and that it appeared again in the morn-
ing only hours after sunrise.

In freshly colonized sediments of North Sea tidal sand
flats, O. limosa (L. aestuarii) is often the pioneer cyano-
bacterium (Stal et al. 1985). This is most likely because of its
capacity to grow diazotrophically. In this pioneer state bio-
mass is low and therefore so is the oxygen demand in the
dark. Such sediments normally do not turn anoxic. However,
during the light they may accumulate oxygen up to several
fold saturation (Villbrandt et al. 1990). N, fixation in such
systems is typically confined to the night, peaking at sunrise
when light becomes available but at oxygen levels well below
air saturation (Fig. 4.18d). In other systems such as in mats
of the unicellular N,-fixing Gloeothece, which grows on car-
bonate cave walls, a peak of nitrogenase activity is observed
immediately after sunset and then decreasing gradually
until hardly any activity is detectable at the end of the night
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(Fig. 4.18b). This organism depends on oxygen for respira-
tory energy generation and it is possible that in the course of
the dark period this organism depletes its endogenous stor-
age carbohydrate (Maryan et al. 1986).

Another type of daily pattern of N, fixation in microbial
mats of non-heterocystous cyanobacteria is more or less con-
stant activity or fluctuations scattered throughout the day and
night (Fig. 4.18e). This is often the case when Group 2 diaz-
otrophic cyanobacteria are involved. These cyanobacteria
are only capable of fixing N, under anoxic conditions or at
least when oxygen concentrations are low and oxygenic pho-
tosynthesis is inhibited. Such a situation can be expected in
microbial mats in which high concentrations of sulphide
inhibit oxygenic photosynthesis. In the light, sulphide at
the same time may serve as electron donor for nitrogenase in
these situations. In most cases oxygenic photosynthesis is
continuing in the surface layers of the mat. Sulphide in
inhibitory concentrations for photosynthesis is usually
present in the deeper layers where light intensity will also be
low. In the dark, N, fixation may be supported by fermenta-
tion of endogenous storage carbohydrate. Thus both in the
light and in the dark relatively low nitrogenase activities can
be expected.

Severin and Stal (2008) recorded light-response curves of
nitrogenase activity in coastal microbial mats. They observed
changes in the fitted parameters of nitrogenase activity during
a 24 h cycle and used these parameters and the monitored
natural light intensities to calculate the daily amount of N,
fixation. The daily variations of nitrogenase activity in the
different types of microbial mats agreed with those that have
been found previously and were typical for the cyanobacterial
communities present in these mats (Fig. 4.20). Severin and
Stal (2008) also integrated the daily amount of N, fixation
during different days with different total daily irradiances
and found that it was independent on the amount of light
received by the microbial mat, even if nitrogenase activity
had a strong light response. Also, the two types of microbial
mats which were investigated and which were characterized
by totally different daily patterns of nitrogenase activity, did
not differ in their total daily integrated amount of N, fixation
(Table 4.4). These authors concluded that N, fixation in these
microbial mats was tuned to a maximum by the concerted
action of a diverse diazotrophic community in which different
components become active at different times as the result of
the changing conditions.

4.7.6 Vertical Distribution of N, Fixation
in Microbial Mats

Little is known about the vertical distribution of N, fixation
in microbial mats, but the vertical distribution and dynamics of
factors that control it such as light, oxygen and sulphide have
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Fig.4.20 Daily patterns of N, fixation in two different types of micro-
bialmat on the green beach of the North Seaisland Schiermonnikoog:
(a) Mat containing a variety of filamentous cyanobacteria, including
heterocystous species; (b) Mat containing predominantly Lyngbya sp.
Nitrogenase activity (circles) was calculated from the actual ambient
irradiance (grey area) and the light response curves (ARA) recorded for
both mats at hourly intervals (From Severin and Stal 2008)

Table 4.4 Daily integrated nitrogenase activity (umol C,H, mg chl a™')
and photon flux (umol m=) for two microbial mats (After Severin and
Stal 2008)

Station I Station II

Nitrogenase Nitrogenase
Date activity Photon flux  activity Photon flux
28.05.06 17.9 26,295 20.4 23,993
29.05.06  18.0 29,399 17.5 29,275
30.05.06 17.7 23,866 17.5 29,443
31.05.06 17.8 15,839 17.5 14,052
Average 17.9 18.2

been investigated in considerable detail. Light is attenuated
strongly in microbial mats. The wavelengths that are absorbed
by the cyanobacteria in the top layers are obviously attenuated
most strongly. Far red light (<700 nm), however, is absorbed
by the cyanobacteria to only a small extent; also the attenu-
ation of this light in (wet) sediment is small compared to
shorter wavelengths. Far red light does not support oxygenic
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Fig.4.21 Vertical distribution of chlorophyll a in: (a) potential nitrogenase activity (acetylene reduction, ARA); (b) specific, chlorophyll a-based

ARA; (¢) a microbial mat (Data from Stal et al. 1984)

photosynthesis but anoxygenic photosynthesis depends on it.
It can thus be assumed that the cyanobacteria in the lower
part of the mat are not capable of oxygenic photosynthesis.
This has been shown by microelectrode measurements of
oxygen concentration and photosynthesis. Such measure-
ments have also shown that in some microbial mats sulphide
is present in these layers. In an attempt to measure potential
nitrogenase activity in microbial mats it was shown that in a
mat of 3-mm maximum surface related nitrogenase activity
occurred in the depth horizon of 1-2 mm (Stal et al. 1984).
However, when nitrogenase activity was expressed on the
basis of chlorophyll a, highest specific nitrogenase activity
was present in the lowest layer of the cyanobacterial mat
(2-3 mm) (Fig. 4.21). Cyanobacterial biomass was highest
in the top layer, decreasing gradually until about 3 mm depth.
Thus it is likely that a spatial separation of N, fixation and
oxygenic photosynthesis had occurred in this mat. The top
layer carries out oxygenic photosynthesis and CO, fixation,
while N, is fixed in the lower layers.

4.7.7 Effects of Anoxia and Sulphide
on N, Fixation in Microbial Mats

Among the non-heterocystous diazotrophic bacteria those that
are capable of N, fixation under fully aerobic conditions are
rare (Bergman et al. 1997). Since they grow by oxygenic photo-
synthesis, these organisms not normally perform N, fixation.
It has been questioned whether this capacity of N, fixation
is of any importance in the natural environment (Rippka and
Waterbury 1977). Padan and Cohen (1982) mention that the
facultative anoxygenic photosynthetic cyanobacterium Oscil-
latoria limnetica (Geitlerinema) is capable of N, fixation
when carrying out sulphide-dependent anoxygenic photo-
synthesis. Villbrandt and Stal (1996) investigated the effect of
sulphide on N, fixation in cyanobacterial mats and on cultures
of cyanobacteria isolated from these mats. They compared a
mat dominated by a heterocystous cyanobacterium (Anabaena)
with another one dominated by non-heterocystous filamentous
organisms (Oscillatoria and Phormidium). Sulphide inhibited
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Fig. 4.22 Effect of sulphide on nitrogenase activity (acetylene
reduction, ARA) in: (a) mat of the heterocystous Anabaena sp. (lagoon,
Atlantic coast of France); (b) mat of non-heterocystous cyanobacteria
(Oscillatoria sp. and Phormidium sp.) (lagoon, Mediterranean coast of
France) (Data from Villbrandt and Stal 1996)

nitrogenase activity in the mat of Anabaena, but greatly
stimulated it in the mat of non-heterocystous cyanobacteria
(Fig. 4.22). Both light and dark nitrogenase activity was inhib-
ited by sulphide in the mat of Anabaena but when DCMU was
added in order to inhibit oxygenic photosynthesis virtually no
effect of sulphide on N, fixation was seen in this mat. Therefore
the effect of sulphide was mainly through the inhibition of oxy-
genic photosynthesis and respiration. Only the addition of
10 mM sulphide resulted in the almost complete inhibition of
dark nitrogenase activity which depends on respiratory energy
generation. In the light, this sulphide concentration resulted in
a decrease of nitrogenase activity to the level obtained in the
presence of DCMU, which in this case was about 40% of the
control. This demonstrated that this amount of sulphide
caused the complete inhibition of oxygenic photosynthesis.
Due to the large amount of iron in this mat the actual concen-
tration of free sulphide was probably much lower. Moreover,
as was shown in a laboratory culture of Anabaena isolated
from this mat, the effect of sulphide strongly depended on
the pH. At pH 9.5 a total sulphide concentration of 5 mM had
no effect on N, fixation but at pH 6.5 this concentration almost
completely inhibited nitrogenase activity. This shows that the
effect of sulphide is through the gaseous species H,S. This gas
will passively diffuse into the cell. Because the pH in these
mats is usually high, very little H,S will be present, even when
the total concentration of sulphide is high.
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In non-heterocystous mats the situation is totally differ-
ent. In the control, without sulphide, nitrogenase activity is
low in the light. In the dark or when oxygenic photosynthesis
was inhibited by DCMU, nitrogenase activity was greatly
stimulated. This can obviously be explained by the sensitivity
of N, fixation in these organisms for photosynthetic and
atmospheric oxygen. Sulphide stimulated nitrogenase activ-
ity in the light, in the dark and with DCMU. Stimulation was
most marked in the light and reached a maximum at 5 mM
(Fig. 4.21b). However, even at 10 mM sulphide nitrogenase
activity was about tenfold the control. The stimulation in the
dark was small (it doubled) and reached already maximum at
0.5 mM. Also, with DCMU, stimulation was maximal at
0.5 mM, the same order of magnitude as the effect in the dark
(Villbrandt and Stal 1996). The effect of sulphide on the light
activity of nitrogenase is best explained by its inhibition of
oxygenic photosynthesis in concert with a lowering of envi-
ronmental oxygen concentration.

None of the cyanobacteria isolated from this mat possessed
the capacity for aerobic N, fixation, but all of the strains were
capable of inducing nitrogenase under anaerobic conditions
(Villbrandt and Stal 1996). In experiments with Phormidium,
it was shown that sulphide (total concentration up to 8§ mM)
had no effect on nitrogenase activity when this was induced
anaerobically with DCMU. Therefore it was concluded that
sulphide did not act as an electron donor to nitrogenase and
that the stimulatory effect observed in the mat was most
probably due to the scavenging of environmental oxygen.
Sulphide very efficiently induced nitrogenase in Phormidium
and other non-heterocystous cyanobacteria with anaerobic
nitrogenase. About 4 mM total sulphide was sufficient for
full induction of nitrogenase. However, in contrast with what
was seen with the heterocystous cyanobacterium and to what
was expected, it appeared that induction of nitrogenase with
sulphide was optimal at high pH, which means that the ions
HS~ and/or S*~ were more efficient than the gas H,S. This
suggested that Phormidium could actively take up sulphide
ion. Thus the uptake of sulphide ion may be essential to
allow diazotrophic growth in these organisms.

4,7.8 Oxygen Protection of Nitrogenase
in Microbial Mats

Because cyanobacterial mats often contain a high density of
biomass and have low rates of molecular diffusion, they may
become markedly supersaturated with oxygen. This poses the
question of oxygen protection of nitrogenase in microbial
mats. Although in heterocystous cyanobacteria nitrogenase
is confined to the heterocysts, and protected from oxygen
under normal atmospheric conditions, it has been shown
that N, fixation may be seriously impaired at oxygen pres-
sure well above atmospheric levels. In the majority of cases,
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non-heterocystous cyanobacteria are the dominant organisms
in mats. Many of these species possess only the capacity
of anaerobic nitrogenase activity because the lack of an
adequate oxygen protection mechanism. They may be able
to grow diazotrophically under anaerobic conditions and
when sulphide inhibits oxygenic photosynthesis. This may
under circumstances lead to a vertical spatial separation of
oxygenic photosynthesis in the top layer of the mat and N,
fixation in the deeper parts. Paerl and Prufert (1987) and
Paerl et al. (1995) emphasized the importance for N, fixation
of anoxic microzones in microbial mats and other systems.
In a few cases, microbial mats have been shown to be built
by non-heterocystous cyanobacteria that are capable of N,
fixation under fully aerobic conditions (Pearson et al. 1979;
Stal et al. 1984; Villbrandt et al. 1990; Gallon et al. 1991;
Paerl et al. 1991). Since nitrogenase in these organisms is as
sensitive to oxygen as in any other organism, these cyano-
bacteria obviously must possess a protection mechanism.
Despite a large amount of research on this problem the pre-
cise mechanism by which these species protect nitrogenase
from oxygen inactivation is still not known (Bergman et al.
1997). In fact, in all cases in which aerobic N, -fixing cyano-
bacteria form microbial mats, N, fixation is confined to the
night. Thus, a temporal separation of N, fixation and photo-
synthesis (respectively during the night and during the day)
is maintained (Stal 1995). Because these mats turn anoxic
during the night, there is no need for oxygen protection.
The problem of oxygen protection of nitrogenase in micro-
bial mats is therefore hardly relevant.

Aerobic N_-fixing non-heterocystous cyanobacteria
isolated from microbial mats include the filamentous
Oscillatoria, Lyngbya, and Microcoleus, and the unicellular
Gloeothece, Cyanothece and Synechococcus (Bergman et al.
1997). Among the different mechanisms that have been
proposed for oxygen protection of nitrogenase, the uptake
and reduction of oxygen, seems to be the most promising.
Such systems may act in concert with enzymes that remove
oxygen radicals.

In Table 4.5 the effects of different treatments of a
diazotrophic microbial mat composed of Oscillatoria on
nitrogenase activity are shown. When these mats were incu-
bated in the laboratory and exposed to elevated salinity,
phosphate fertilization or to a tidal movement of the water, all
these treatments resulted in a dramatic increase of nitroge-
nase activity. The application of a tidal movement (alternating
immersion and emersion of the mat) resulted in a two orders
of magnitude increase in nitrogenase activity. The vertical
profiles of oxygen in these mats, measured at the same time,
showed that the increase of N, fixation was probably the
result of markedly decreased concentrations of oxygen. The
reference showed oxygen supersaturation, peaking at about
250 pm depth, typical for these mats. When the mats were
subject to increased salinity, phosphate fertilization or to a
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Table 4.5 Effect of different treatments of a nitrogen-fixing microbial
mat of Oscillatoria sp. from the island of Texel, The Netherlands

Treatment Nitrogenase activity (nmol C H, cm™h™)
Reference 2+1

High salinity 31+5

Phosphate fertilization 164+18

Tidal movement 234+21

Sediment cores containing the mat were incubated in the laboratory in
aquaria filled with seawater (Instant Ocean). The seawater was aerated.
Illumination was by 75 W halogen lamps applied at a 16-8 h light—dark
cycle. Heating of the mats was prevented by a heat filter and fans.
The reference cores were incubated in such a way that the mat was just
exposed while the water level was just underneath the mat surface.
The mat surface was moist. This incubation mimics the natural situa-
tion most closely. In another aquarium the seawater was pumped in and
out at 6-h intervals, mimicking a tidal movement. At each high water
the mat was covered by 5 cm of water. The tidal range was about 15 cm.
In the third incubation the salinity was increased to twice the normal
value (3%). In the fourth treatment, phosphate concentration in the
seawater was increased to 100 uM. The cores were incubated for 1 week
and vertical oxygen profiles and nitrogenase activity (acetylene reduction)
were measured

tidal movement, oxygen profiles decreased dramatically.
The decrease of oxygen concentration was most pronounced
in the mats subject to both phosphate fertilization and tidal
movement. These treatments also resulted in the strongest
stimulation of nitrogenase activity. It is obvious that the
decreased oxygen concentration is associated with the
increased potential to fix dinitrogen.

One possibility that must be investigated is the capacity
of nitrogenase in these cyanobacteria to reduce oxygen
(autoprotection) (Bergman et al. 1997). This causes the
reduction of O, to H,O,, which can be further reduced by
peroxidases.

4.7.9 Heterocystous Versus Non-heterocystous
Cyanobacteria in Microbial Mats

There is no doubt that heterocystous cyanobacteria are
particularly well adapted for diazotrophic growth. They can
fix N, in the light while carrying out oxygenic photosynthesis.
In this way they make optimal use of light energy to satisfy
the large demands of nitrogenase. Oxygen protection of
nitrogenase in these organisms is assured by the heterocyst.
Anoxic conditions usually result in scarcely higher nitroge-
nase activities and the inhibition of oxygenic photosynthesis
by DCMU invariably results in lower activities, apparently
because it inhibits the flow of reduction equivalents from
the vegetative cells. Non-heterocystous cyanobacteria either
cannot fix N, at all in the presence of oxygen or those that
can invariably can much better in the dark or when transferred
to anoxic conditions (Stal 1995). Often the inhibition of oxy-
genic photosynthesis by DCMU also stimulates nitrogenase
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activity considerably. Notwithstanding these facts, the vast
majority of marine microbial mats are composed of non-
heterocystous cyanobacteria. Thus the question is raised as
to why heterocystous cyanobacteria are not more common in
these mats.

On the tidal flats in Guerrero Negro, Baja California Sur,
Mexico, two types of microbial mats can be found in close
vicinity of each other (Stal et al. 1994; Stal 1995) (Fig. 4.7).
The smooth mat is composed of the non-heterocystous
cyanobacterium Lyngbya aestuarii and covers the lower
areas of the tidal flat. On the upper tidal flat and on slightly
elevated spots a pustular mat develops which is composed of
the heterocystous cyanobacterium Calothrix. Both mats fix
N, but show distinct differences in their daily nitrogenase
patterns. Calothrix fixes predominantly during the day while
nitrogenase activity in the mats of L. aestuarii is confined
to the night. Due to their locations on the tidal flat the mats
of L. aestuarii are covered more often and during longer
periods of time at high tide than the mats of Calothrix. During
inundation of the mats of L. aestuarri diffusion is limited.
This causes oxygen supersaturation during the period of
photosynthesis and anoxic conditions at night. These anoxic
conditions also allow the development of a community of
sulphate-reducing bacteria. This mat has a very dense bio-
mass and is characterized by steep gradients of oxygen and
sulphide, typical for microbial mats. Due to this dense mat
structure the gradients of oxygen and sulphide exist, regard-
less whether the mat is inundated or not.

The situation in the mat of Calothrix is totally different.
This pustular mat has a porous structure. Due to this struc-
ture in this mat there is a free exchange of oxygen with the
atmosphere and oxygen supersaturation or anoxic conditions
are not usually the case. In exceptional cases when the mat is
inundated for a prolonged period of time anoxic conditions
or oxygen supersaturation may occur but normally the mat
will be inundated for short periods or not at all. Stal et al.
(1994) hypothesized that heterocystous cyanobacteria would
not be able to maintain themselves in an environment in
which either dark anoxic conditions or high concentrations
of sulphide occur. Cyanobacteria incapable of fermentation
will die within 2-3 h of dark anoxic conditions (Stal and
Moezelaar 1997). However, there is no reason why hetero-
cystous cyanobacteria should be incapable of fermentation
and this has been demonstrated in a number of symbiotic
Nostoc spp. (Margheri and Allotta 1993; De Philippis
et al. 1996).

In order to investigate the possibility of sulphide as a
selecting factor, Villbrandt and Stal (1996) compared a
heterocystous and a non-heterocystous N -fixing mat in
two coastal lagoons in France. The mat of heterocystous
cyanobacteria was found in a lagoon with exceptional high
amounts of iron, while this was not the case in the other
system (Stal et al. 1996). As a result of the high amount of
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iron the sediment on which this microbial mat was found it
did not contain any free sulphide because it precipitated as
iron sulphide (Schaub and Van Gemerden 1996). Villbrandt
and Stal (1996) hypothesized that the absence of sulphide
would allow the proliferation of heterocystous species. On
the one hand it was indeed demonstrated that N, fixation in
heterocystous cyanobacteria was sensitive to sulphide. But
on the other hand, unrealistic high concentrations of sulphide
(10 mM) were required to obtain full inhibition. Sulphide
inhibition of nitrogenase in heterocystous cyanobacteria
depended on H,S, which in microbial mats is present in very
low concentrations as a result of the alkaline conditions.
However, in heterocystous cyanobacteria it is uncertain
whether other metabolic processes than N, fixation are more
severely influenced by sulphide. In microbial mats and living
stromatolites from Cuatro Cienegas, Mexico, evidence for
the presence of heterocystous N -fixing cyanobacteria was
obtained from the pattern of nitrogenase activity with highest
activities during the day and its inhibition of oxygenic
photosynthesis (Falcén et al. 2007). The negative effect of
molybdate addition on nitrogenase activity observed by these
authors was interpreted as a contribution of sulphate reducing
bacteria to N, fixation. Molybdate inhibits sulphate reduction
and this would therefore decrease the sulphide production.
The ecological effects of such experiments are complex and
difficult to interpret.

Another reason why heterocystous cyanobacteria are
absent from the majority of microbial mats could lie in the
fact that such organisms generally are not motile and that the
link between the heterocyst and the vegetative cell is weak
(Stal et al. 1994). Non-heterocystous cyanobacteria that form
microbial mats are mostly motile by gliding movement. This
is an important property since it facilitates optimal vertical
positioning. It allows the cyanobacteria to compensate for
the rapidly shifting physicochemical gradients in microbial
mats. Gliding motility is also important because microbial
mats often develop in environments that are characterized by
high rates of sedimentation. In the rare cases that heterocys-
tous cyanobacteria dominate microbial mats their filaments
are orientated in a uniform manner at the mat surface.
The tapered trichomes of Calothrix are orientated vertically
with the terminal heterocysts situated away from the surface.
These filaments do not glide freely. The same is the case
for another mat-building heterocystous cyanobacterium,
Scytonema, which likewise reveals a vertical orientation.
In this organism intercalary heterocysts are formed located
in the centre of the aggregates. It is likely that shear forces
produced during gliding in these highly compressed micro-
bial mats would result in the breakage of the weak link
between heterocysts and the neighbouring vegetative cells.
Hence, although gliding motility is an essential property for
cyanobacteria in microbial mats, it has at the same time a
serious disadvantage for heterocystous species. It is therefore
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expected that mats of such cyanobacteria can only develop in
environments with low rates of sedimentation and relatively
constant physicochemical gradients.

4.7.10 Other Diazotrophic Organisms
in Microbial Mats and the Case
of Microcoleus chthonoplastes

The capacity of N, fixation is widespread among bacteria
and archaea and such organisms are among those that form
the microbial community of microbial mats. The question is
therefore relevant whether or not microorganisms other than
cyanobacteria contribute to the fixation of N, in microbial
mats and to what extent. Chemotrophic bacteria and archaea
will be confronted with a limited supply of substrate to
satisfy the energy demand of nitrogenase. Although they do
not evolve O, they will still have to cope with an aerobic
environment and oxygen supersaturation as the result of the
oxygenic photosynthesis of the cyanobacteria. Or they avoid
the aerobic environment but this would limit their energy
generation capabilities.

Anoxygenic phototrophs will have ample energy (sun-
light) but may be limited in their sources of electron donor
(i.e. sulphide or sulphur, ferrous iron, organic compounds).
The problem of non-heterocystous cyanobacteria is to pro-
vide an anoxic environment for nitrogenase. Steppe et al.
(1996) proposed a joint venture between diazotrophic bacte-
ria and cyanobacteria. The latter would provide the former
with organic matter and oxygen and the bacteria provide CO,
and fixed nitrogen to the cyanobacteria. This model evolved
from the observation that cultures and natural samples of
the common and cosmopolitan mat-building cyanobacterium
Microcoleus chthonoplastes possessed nitrogenase genes
belonging to the y- or 6-Proteobacteria, while cyanobacte-
rial nif genes were lacking.

Although in the literature M. chthonoplastes has repeatedly
been presented as a diazotroph, this may have been due to
wrong identification (Garcia-Pichel et al. 1996; Siegesmund
et al. 2008). For instance, the aerobically N_-fixing M. chtho-
noplastes isolated by Pearson (Pearson et al. 1979; Malin
and Pearson 1988) was later identified as Symploca sp.
(Janson et al. 1998) and the anaerobic N,-fixing M. chthono-
plastes ‘strain 11 is related to Geitlerinema (Siegesmund
et al. 2008) to which genus also the Solar Lake strain
‘Oscillatoria limnetica’ belongs. Dubinin et al. (1992) and
Sroga (1997) reported also on N -fixing Microcoleus but
their correct assignments await confirmation. Rippka et al.
(1979) were unable to detect nitrogenase activity in the type
strain of M. chthonoplastes PCC7420 and Villbrandt and
Stal (unpublished results) were unable to induce nitrogenase
activity under strictly anaerobic conditions in the collection
of the ‘true’ M. chthonoplastes (Garcia-Pichel et al. 1996).
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Bolhuis et al. (2010) discovered that a collection of
M. chthonoplastes from distant geographic locations possess
the structural genes for nitrogenase (nifHDK), but that
they were not typical cyanobacterial but rather belong to
the &-Proteobacteria. The type strain of M. chthonoplastes
PCC7420 possesses a full nitrogenase operon. These authors
were unable to express the nitrogenase genes in any of these
strains, though they showed expression in a microbial mat,
indicating that the laboratoy conditions used were inappro-
priate for expressing nitrogenase in this strain. It was
conceived that M. chthonoplastes obtained the nitrogenase
operon from a sulphate reducing bacterium through lateral
gene transfer. Hence, the attribution of N, fixation to organ-
isms other than cyanobacteria may have been erroneous in a
number of reports.

Severin et al. (2010) showed that filamentous and unicel-
lular cyanobacteria dominated the clone libraries of nifH and
their transcripts in two coastal microbial mats, but that 8- and
y-Proteobacteria also contributed importantly. The nifH of
the y-Proteobacteria belonged predominantly to anoxygenic
phototrophic purple sulphur bacteria. The nifH of the d-Pro-
teobacteria belonged partly to M. chthonoplastes and for
the other part might have belonged to sulphate reducing bac-
teria. Other reports also mention the predominance of nifH
belonging to 8- and y-Proteobacteria (Zehr et al. 1995; Olson
et al. 1999; Omoregie et al. 2004) in microbial mats and
Steppe and Paerl (2002) showed the transcription of d-pro-
teobacterial nifH.

4.8 Cyanobacteria and the Sulphur Cycle

in Microbial Mats

The sulphur cycle has a large impact on microbial mats either
when sulphate is present and the end-oxidation of organic
matter is carried out by sulphate reducing bacteria, or when the
ecosystem receives primary sulphide as is the case in sulphur
springs. Seawater contains abundant sulphate (28 mM) and
therefore sulphate reduction is usually a dominant process in
coastal and hypersaline microbial mats. Sulphate-reducing bac-
teria are essentially anaerobic micro-organisms that oxidize
simple organic compounds using sulphate as electron acceptor,
which results in the formation of sulphide. A variety of
different chemotrophic microorganisms as well as cyano-
bacteria and purple sulphur bacteria are capable of reducing
elemental sulphur to sulphide. Sulphide is eventually oxidized
back to sulphate. This can be done anaerobically by anoxy-
genic phototrophic bacteria such as purple and green sulphur
bacteria or also by some cyanobacteria. Elemental sulphur is
produced as an intermediate in this process. The cycling
between elemental sulphur (S)) and sulphide (§*) is also
called the ‘mini sulphur cycle’ and is probably a dominant
process in microbial mats (Van Gemerden 1993).
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Fig. 4.23 A simplified scheme showing the role of cyanobacteria in
the cycle of sulphur in a microbial mat. SRB sulphate-reducing bacteria,
CSB colourless sulphur bacteria, PSB photosynthetic sulphur bacteria.
For further explanation, see text

Sulphide-dependent anoxygenic photosynthesis by purple
sulphur bacteria may account for more than 25% of the total
photosynthetic carbon fixation as was found in microbial mats
in the Ebro Delta in Spain (Martinez-Alonso et al. 2004).
Some cyanobacteria are capable of sulphide-dependent
anoxygenic photosynthesis, but oxidize sulphide only to
elemental sulphur or to thiosulphate (Fig. 4.23). Colourless
sulphur bacteria oxidize sulphide aerobically to sulphate but
some species can carry out this oxidation anaerobically using
nitrate as electron acceptor (denitrification). This anaerobic
chemotrophic sulphide oxidation is probably not important
because of the limited availability of nitrate in microbial
mats. Hence, colourless sulphur bacteria and anoxygenic
phototrophic bacteria compete for sulphide.

De Wit et al. (1995), using a mathematical model of a
microbial mat, discovered a strikingly clear interaction
between purple and colourless sulphur bacteria. Depending
on the environmental parameters the model predicted that
either the colourless sulphur bacteria dominate or that they
coexist with purple sulphur bacteria. In the latter case purple
sulphur bacteria can outweigh the colourless sulphur bac-
teria by more than an order of magnitude. This may explain
why coastal or hypersaline microbial mats sometimes exhibit
a purple layer and sometimes not, even when the black layer
of FeS is present in both cases, pointing at anaerobic condi-
tions and the presence and production of sulphide.

Another process that consumes considerable amounts of
sulphide is when it reacts with ferric iron producing elemental
sulphur. A peak of elemental sulphur has been observed
underneath the aerobic zone where high rates of sulphate

reduction occurred while sulphide remained very low due to
oxidation by anoxygenic photosynthesis or by ferric iron
(Wieland et al. 2005). Other processes in the sulphur cycle in
microbial mats include the disproportionation of thiosul-
phate, sulphite and elemental sulphur. In these reactions one
part of the molecule is oxidized while the other is reduced
(Bak and Pfennig 1987; Canfield and Thamdrup 1996). The
biomass of the major functional groups of microorganisms
involved in the sulphur cycle, the purple sulphur bacteria,
colourless sulphur bacteria and sulphate reducing bacteria
may account for 40% of the total bacterial community
(Visscher and Van Gemerden 1993).

In microbial mats most of the organic matter produced
by photosynthetic CO, fixation is recycled. The organic
matter (dissolved organic matter, DOM) is liberated into
the mat environment by a variety of different mechanisms.
Fermentation by the cyanobacteria results in the excretion of
low-molecular organic carbon compounds (acetate, ethanol,
and lactate) that serve directly as substrate for sulphate
reducing bacteria. Photorespiration by cyanobacteria results
in the formation and excretion of glycolate, which has also
been shown to be used by sulphate-reducing bacteria (Friind
and Cohen 1992; Friedrich and Schink 1995) (Fig. 4.22).
Degradation of more complex DOM, which is produced as a
result of cell lysis or the exudation of extracellular polymeric
substances (EPS), requires the combined action of several
different microorganisms until it is eventually end-oxidized
by sulphate reducing bacteria. Hence, the metabolic activity
of the mat cyanobacteria can directly influence sulphate
reduction.

It has been assumed that sulphate-reducing bacteria are
present only below the euphotic depth in the microbial mat
because only there, conditions are permanently anoxic. This
layer is recognized by its black colour that indicates the
presence of FeS. There are several lines of evidence that this
may be incorrect. Sulphate reduction itself may take place
under oxygenated conditions although the majority of
sulphate-reducing bacteria are obligate anaerobes (Canfield
and Des Marais 1991). However, sulphate-reducing bacteria
are found throughout the microbial mat as is the case with
sulphate reduction (Visscher et al. 1992; Stal 1993). In fact,
16S rRNA gene sequence analysis of microbial mats have
demonstrated that the oxygen tolerant sulphate-reducing
bacteria are predominantly found in the top layers of the mat
while the obligate anaerobic species are found in the deeper
layers of the mat (Risatti et al. 1994). Thus a vertical
stratification of different groups of sulphate-reducing bacte-
ria is likely and those in the top layer co-exist with cyanobac-
teria. Several reports have demonstrated the intimate
association of cyanobacteria and sulphate reducing bacteria
(Baumgartner et al. 2006). Throughout the hypersaline
cyanobacterial mat of Solar Lake (Sinai, Egypt) sulphate-
reducing bacteria were present and the rates of sulphate
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Table 4.6 Groups of cyanobacteria with different types of adaptation
to sulphide (After Cohen et al. 1986; Stal 1995)

Group 1. Sulphide-sensitive oxygenic photosynthesis only

Group 2. Sulphide-resistant oxygenic photosynthesis only

Group 3. Sulphide-insensitive oxygenic photosynthesis
concurrent with sulphide-dependent anoxygenic
photosynthesis

Group 4. Sulphide-sensitive oxygenic photosynthesis replaced

by sulphide-dependent anoxygenic photosynthesis

reduction were sometimes higher in the oxygenated layer
than in the deeper permanent anoxic parts of the mat (Teske
et al. 1998). The dominant filamentous sulphate-reducing
Desulfonema migrated during a day night cycle moving from
the cyanobacterial layer and probably following the oxygen
chemocline (Minz et al. 1999). This showed that some sul-
phate reducing bacteria tolerate substantial levels of oxy-
gen. Facultative aerobic respiration and motility were
considered as essential adaptations for these sulphate reduc-
ing bacteria to thrive in a microbial mat.

Many sulphate-reducing bacteria are much less oxygen-
sensitive than had previously been assumed and sulphate-
reducing bacteria are known that are even capable of aerobic
respiration (Cypionka et al. 1985; Dilling and Cypionka
1990; Marschall et al. 1993). However, cultures that carry
out dissimilatory sulphate reduction in the presence of
oxygen have not been isolated thus far. It is possible that
sulphate reduction in the oxygenated part of the microbial
mat occurs in anoxic microniches, e.g. in aggregates.

Sulphate reduction also plays a crucial role in calcium
carbonate precipitation and thereby controls the lithification
process in stromatolites. This is supposed to be the result of
two intertwined processes. First, the degradation of EPS
liberates calcium that was bound to it and the sulphate
reducing bacteria produce carbonate and raise the pH
(Visscher et al. 2000; Dupraz et al. 2004).

Cohen et al. (1986) distinguished four groups of cyano-
bacteria with respect to the degree of sulphide inhibition and
the possibility to carry out sulphide-dependent anoxygenic
photosynthesis (Table 4.6). Cyanobacteria belonging to
Group 1 are extremely sulphide sensitive. Oxygenic photo-
synthesis is inhibited at low levels of sulphide (<0.1 mM) and
these species are not capable of anoxygenic photosynthesis.
Cyanobacteria belonging to this group are evidently not
important in marine microbial mats but are likely to be found
in freshwater lakes, in the oceans or in terrestrial systems in
which sulphide is absent or present at insignificant con-
centrations. Examples of such cyanobacteria are Anacystis
nidulans (Synechococcus elongatus) and Plectonema
boryanum (Leptolyngbya boryana) in which CO, fixation
was inhibited at 60 and 75 uM (Cohen et al. 1986). In Group
2 cyanobacteria are represented that are incapable of anoxy-
genic photosynthesis but that resist considerable levels of
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sulphide. Oxygenic photosynthesis in these organisms is
often stimulated at moderate (<1 mM) sulphide concentration.
This type of adaptation is typical for marine microbial
mats with fluctuating sulphide concentrations. The mat-
forming and diazotrophic cyanobacterium Oscillatoria
limosa (Lyngbya aestuarii) is a typical example of this group
(Stal 1995). Also Group 3 cyanobacteria are typically found in
marine microbial mats. These cyanobacteria are characterized
by sulphide-insensitive oxygenic photosynthesis concurrent
with sulphide-dependent anoxygenic photosynthesis. The
cosmopolitan mat-forming cyanobacterium ‘Microcoleus
chthonoplastes’ (Geitlerinema) belongs to this group (De Wit
and Van Gemerden 1988). Oxygenic photosynthesis in
Group 4 cyanobacteria is as sensitive to sulphide as in those
belonging to Group 1. The difference is in their capacity of
carrying out sulphide-dependent anoxygenic photosynthesis.
The sulphide tolerance of this group of cyanobacteria varies
considerably from less than 1-10 mM. Oscillatoria limnetica
(Geitlerinema) is the best-studied cyanobacterium belong-
ing to that group. Photosystem II in this cyanobacterium
is switched off when exposed to <0.1 mM of sulphide.
Anoxygenic photosynthesis is induced in a process requiring
protein synthesis. O. limnetica tolerates up to 9.5 mM sul-
phide but anoxygenic photosynthesis is gradually inhibited
at concentrations exceeding 4 mM. A good example of how
a mat community is structured with respect to sulphide
was presented for microbial mats in Fuente Podrida, a cold
sulphur spring located in East Spain (Camacho et al. 2005).
Three filamentous cyanobacteria were found that fitted
Group 1 (sensitive) UVFP3, in areas where sulphide was
absent and Group 2 (tolerant) UVFP2 and Group 3 (anoxy-
genic photosynthesis) UVFP1. The latter isolate was related
to Planktothrix, while the other cyanobacteria did not have
close relatives. Oscillatoria boryana is also a typical Group 4
organism. This organism employs sulphide-dependent ano-
xygenic photosynthesis in the early morning which depleted
sulphide locally (Castenholz et al. 1991). Sulphide concen-
trations of over 1 mM inhibit oxygenic photosynthesis
completely. With increasing light intensity oxygenic photo-
synthesis became dominant. At low light sulphide-dependent
anoxygenic photosynthesis remained the dominant mode.
0. boryana is also able to photosynthesize at substantial rates
over a wide range of sulphide concentrations by shifting
between oxygenic and anoxygenic modes and possibly by
combining both.

In microbial mats most of the sulphide is present as
‘acid-volatile sulphide’ (AVS) which is mostly in the form of
ferrous sulphide (FeS) (Fig. 4.22). In this form sulphide is
virtually insoluble. Only free sulphide may be toxic. Free
dissolved sulphide occurs as hydrogen sulphide or sulphide
ions in a pH-dependent equilibrium.

H,S <> HS < S
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Below pH 7, H,S becomes gradually more important
while above pH 9 it is S*~. Between pH 7 and 9 virtually all
sulphide is present as HS™. H,S is a gas that can enter the cell
by passive diffusion. However, cyanobacteria capable of
anoxygenic photosynthesis are apparently capable of uptake
of the sulphide ion. Sulphide may also react with elemental
sulphur to form polysulphides. It was thought that this pro-
cess could occur only in microbial mats in which the amount
of iron is not sufficient to keep the level of free sulphide low
(Jgrgensen and Cohen 1977). However, Visscher (1992)
measured very high concentrations of polysulphides in a
cyanobacterial mat, indicating that this compound may be
more common than previously assumed. While on the one
hand polysulphides are an order of magnitude more toxic for
most organisms than sulphide, on the other hand it may serve
as the form of elemental sulphur that is transported in cells
(Steudel et al. 1990). The microbial mat purple sulphur bac-
terium Thiocapsa roseopersicina is capable of anoxygenic
photosynthesis at the expense of polysulphide (Visscher
et al. 1990).

49 Interactions of Cyanobacteria with Iron
Iron is one of the most abundant elements on Earth and it has
several important functions in microbial mats. Iron occurs in
three oxidation states: elemental iron Fe°, ferrous (reduced
iron), Fe?* and ferric (oxidized iron), Fe**. Ferric iron is virtu-
ally insoluble and in the presence of oxygen ferrous iron is
readily oxidized, except under acidic conditions (pH<?2).
Elemental iron is not stable in nature because it will also be
oxidized. Thus, in the presence of oxygen at physiological
pH iron is hardly available for organisms and aerobic micro-
organisms often produce compounds that have a high affinity
for ferric iron. These siderophores bind iron and transport it
into the cells.

Iron is an essential micronutrient for all organisms and also
its redox behaviour gives rise to its biological importance.
Iron occurs in a number of enzymes that act as electron car-
riers, such as cytochromes, in respiratory electron transport
chains and ferredoxins which serve as electron donors to a
variety of processes (including N, fixation, nitrate- and
sulphate reduction) in the cell, and indirectly, CO, fixation.
Moreover, iron is an important co-factor in enzymes such
as nitrogenase and nitrate reductase. In addition to this
assimilatory metabolism of iron, the dissimilatory iron
metabolism is of importance in microbial mats and other
environments. Ferric iron may serve as electron acceptor in
anaerobic respiration (Lovley 1991). Under acid conditions,
ferrous iron can be oxidized aerobically by the chemolitho-
trophic, autotrophic bacterium Thiobacillus ferrooxidans
(Leduc and Ferroni 1994). Under neutral conditions, ferrous
iron is rapidly oxidized by oxygen (Druschel et al. 2008).
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However, Gallionella ferruginea and Leptothrix ochracea
oxidize iron to support an autotrophic mode of metabolism
(Hallbeck and Pedersen 1991; Carlile and Dudeney 2000).
Instead of competing with the chemical reaction they rather
seem to compete with the autocatalysis of iron oxidation as
the result of their own activity (Rentz et al. 2007). Ferrous
iron may also serve as electron donor in anoxygenic photo-
synthesis by specialized purple bacteria (Widdel et al. 1993;
Ehrenreich and Widdel 1994). The fourth biologically
controlled iron transformation is the formation of magnetite
in magnetotactic bacteria and in a variety of other organisms
(Stolz 1993).

In microbial mats iron is often present in high amounts
(Wieland et al. 2005). In coastal and hypersaline microbial
mats suspended iron oxides present in seawater precipitate in
the sediment. Iron may precipitate either as oxides and
hydroxides, siderite (FeCO,) or as iron sulphide (FeS) and
pyrite (FeS,). Iron readily reacts with sulphide:

2Fe™ +H,S — 2Fe™ +S° +2H*
2Fe’" +2H,S — 2FeS +4H"
2Fe’* +3H,S — 2FeS +S° +6H"

FeS is virtually insoluble. Thus both ferric and ferrous
iron is important in immobilizing the toxic sulphide. Ferrous
iron including FeS will react with oxygen both chemically as
well as biologically. In microbial mats oxygen supersaturation
may present a problem for cyanobacterial growth and the pres-
ence of ferrous iron may aid in keeping the partial pressure
of oxygen low (Wieland et al. 2005). Moreover, the oxida-
tion of iron in siderite will result in the liberation of CO,,.

In coastal and hypersaline microbial mats a layer of
oxidized iron is often observed between the layer of cyano-
bacteria and the anoxic layers below (Fig. 4.2). When purple
sulphur bacteria are present, this layer of oxidized iron
usually separates them from the cyanobacteria. The origin of
this layer of oxidized iron is not precisely known. Since this
layer is generally found at the transition of the oxic-anoxic
layers, ferric iron may be produced by chemical oxidation of
ferrous iron or biologically by iron-oxidizing bacteria. When
oxygen is unavailable due to the continuously migrating
oxic-anoxic transition zone, denitrifying bacteria could be
responsible for the anaerobic iron oxidation (Straub et al.
1996) although in many microbial mats the amount of nitrate
is probably too low to allow for this process. Cohen (1989)
supposed that some mat-forming cyanobacteria were capable
of iron-dependent anoxygenic photosynthesis. However, it is
more likely that the iron is in fact oxidized by oxygen evolved
by photosynthesis. Alternatively, anoxygenic phototrophic
purple bacteria that use iron as electron donor may have
produced the layer of ferric iron. Such organisms have been
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isolated from freshwater and marine sediments, including
intertidal mud (Widdel et al. 1993; Ehrenreich and Widdel
1994). Also green sulphur bacteria have been shown to use
Fe* as an electron donor in anoxygenic photosynthesis
(Crowe et al. 2008). Although such anoxygenic phototrophic
bacteria may be responsible for the layer of ferric iron found
in microbial mats this has not been demonstrated (Pierson
and Parenteau 2000). Moreover, other evidence showed that
the oxidation of iron in microbial mats was entirely the result
of the oxygen production by the cyanobacteria (Trouwborst
et al. 2007). In fact, reduced iron stimulated photosynthesis
in cyanobacterial mats which led to higher oxygen levels
and higher pH resulting in the precipitation of iron oxides
(Pierson et al. 1999).

The formation of distinct layers of oxidized iron in micro-
bial mats may well have resulted in the formation of so-called
Banded Iron Formations (BIFs) formed during the Archean
and Proterozoic ages. Banded Iron Formations are finely
layered sedimentary rocks composed mainly of silica and
iron oxides (James and Trendall 1982). BIFs were deposited
over large areas and several thousands are known. Although
the majority is only few meters thick and covers a limited area,
others are several hundreds of meters thick and extend over
many thousands of square kilometres (James and Trendall
1982). The iron content of BIFs is typically in the range of
24-35%, which is 5-7 times more than normally found in the
crust. These iron formations are therefore of great economic
importance. The silica content of BIF’s is about 45%.
Together, iron oxides and silica may make up to 90% of the
weight of BIF. Iron oxides and silica (chert) occur in alter-
nating layers. The cherty banded iron formation of Hamersley
Basin, Australia, is one of the largest in the world and is
characterized by stratification at different scales. At the
millimetre scale microbands of iron minerals are recognized,
separated at the centimetre scale by mesobands of chert.
Regular banding is seen at the meter scale (macrobands)
(James and Trendall 1982). Over 90% of the deposits are
from the early Proterozoic age (2,500-1,900 Million years).
Although it is tempting to assume a biological basis for the
genesis of these cherty iron stromatolites, so far evidence of
biogenesis has not emerged. Because of the fact that BIFs
were overwhelmingly present during the early Proterozoic
this has also been taken as evidence for the oxygenation of
the earth’s atmosphere which started 2,300 Million years
ago. One mechanism for BIF formation may be the chemical
oxidation of ferrous iron with oxygen evolved by oxygenic
photosynthesis, most likely by cyanobacteria (Trouwborst
et al. 2007). The huge amounts of ferrous iron in the earth’s
crust would act like a buffer and prevent the oxygenation of
the atmosphere until most of the iron was oxidized. Although
less abundant, the fact that BIF’s are also known from the mid
Archean (3.4-2.9x10° years) might indicate other mecha-
nisms. Geological evidence shows that until 2.0x 10° years
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ago the oxygen level of the earth’s atmosphere was still quite
low. High energy solar UV irradiation (200-300 nm range)
could freely reach the surface of the earth where it could
be absorbed by ferrous iron, resulting in the formation of
ferric iron and H, which escaped into the atmosphere
(Cairns-Smith 1978). This reaction has been experimentally
proven to be a possible explanation for the precipitation of
ferric iron.

Ferrous and ferric iron strongly absorbs in the region
220-270 nm, UV light that is deleterious for organisms.
It has been suggested that both ferrous and ferric iron play an
important role in protection from UV irradiation because
they provide an effective UV screen (Pierson and Olson
1989). It is assumed that the flux of UV irradiation that
reached the earth surface during the early Precambrian was
very high since the oxygen-free atmosphere would scarcely
attenuate it. It is also known that microbial life developed on
earth during this period, particularly in stromatolites. This
life was apparently not arrested by the high UV flux. Although
UV-C light does not reach the earth surface because it is com-
pletely absorbed by the earth’s atmosphere, it is interesting
that some mat-forming cyanobacteria such as Microcoleus
chthonoplastes accumulate large amounts of iron at the outer
polysaccharide sheath (Stal 1994). Iron is bound to negatively
charged polysaccharides, particularly through the presence
of uronic acids and precipitates at the sheath (Bender et al.
1994). Acidic extracellular polymeric substances containing
carboxyl groups have been shown to mediate iron oxide
mineralization (Chan et al. 2009). This has also been seen in
a new cyanobacterium (‘Chroogloeocystis siderophila’)
isolated from an iron-depositing hot spring microbial mat
(Brown et al. 2005). This strain possesses elevated require-
ments for iron and also tolerates high levels of iron, making
this organism well adapted to thrive in high iron environ-
ments. ‘C. siderophila’ failed to grow at low (8 uM) and at
very high (1,000 uM) concentrations of Fe*. Although this
iron is present in an insoluble form, its toxicity at high con-
centrations may be through the binding of iron precipitates to
the outer sheath. Ferric iron is reduced through this EPS or
through other cellular processes associated with it, or even
under the influence of light. The ferrous iron produced in this
way can be taken up by the cell but when in excess it may
cause a problem inside the cell or it may draw excessively on
the pool of reducing equivalents. Brown et al. (2005) sug-
gested that the accumulation of iron served as a pool of iron
for times of low iron availability but this seems unnecessary
when thriving in a high iron environment. However, the iron
precipitates bound to the outer sheath may present a way
for the uptake of iron in organisms that lack siderophores.
The sheath EPS would then serve as a siderophore.

There may be other advantages of accumulating iron pre-
cipitates by cyanobacteria. One of the possibilities is that it
evolved from an ancient UV screen to serve new functions
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for the cyanobacteria or for the ecosystem as a whole. For
instance, the accumulation of iron by mat-forming cyanobac-
teria has been shown to protect the organism from sulphide
produced either by sulphate-reducing bacteria living in the
immediate vicinity of the cyanobacteria or produced by
themselves through the reduction of elemental sulphur.
Hence, the bound ferric hydroxides may represent a buffer
against toxic sulphide, which reacts to produce ferrous iron
and iron sulphide. Another possibility is that ferrous iron
will react with oxygen, keeping its concentration low and
minimizing photorespiration which would lead to a loss of
fixed carbon. A low partial pressure of oxygen is essential for
the cell in order to minimize the oxygenase reaction of the
CO,-fixing enzyme ribulose-1,5-bisphosphate carboxylase/
oxygenase (RUBISCO) The layer of ferric iron may therefore
present an efficient barrier between the aerobic and anaero-
bic parts of the system (Stal 2001). Finally, M. chthonoplastes
is also capable of reducing ferric iron probably using it as
an electron acceptor during anaerobic dark metabolism
(Stal 1994).

Iron oxides form complexes with phosphate which is
then immobilized and unavailable as source of phosphate.
It is liberated when the iron is reduced. Hence, the cycle
of oxidation and reduction of iron may also be important
for the temporal binding and storage of phosphate in a micro-
bial mat.

4,10 Phosphorus in Microbial Mats

Few studies have addressed the role of phosphorus in micro-
bial mats. This is remarkable because phosphate is involved
in a variety of geochemical reactions that are important in
mats and it is indispensible for growth and metabolic activity
for all forms of life, including cyanobacteria. The almost
complete ignorance of phosphorus in the study of microbial
mats is also in strong contrast with the attention it receives in
the study of phytoplankton. Generally, nitrogen or phospho-
rus limits growth of phytoplankton and most likely this
applies also to cyanobacteria that form microbial mats.

Typically about 3% dry mass of cells consists of phospho-
rus, but some cells can store phosphate as polyphosphate,
which increases their phosphorus content. Cyanobacteria
take up orthophosphate (H,PO,) which is the most common
form of inorganic phosphorus.

The solubility of orthophosphate is controlled by elements
such as Ca*, Mg*, Fe*, Fe** and AI**. In seawater, the solu-
bility of orthophosphate is predominantly controlled by Ca*",
which at a suitable pH (7.4-8.1) produces the virtually
insoluble hydroxyapatite (Ca, (PO,) ,(OH),; solubility product
1.53x 107'*?) (Ehrlich 1996). In addition, phosphate may also
form an insoluble precipitate with ferric iron (FePO,2H,0,
strengite, solubility product 1.35x 107'%). Phosphate may be
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liberated from these insoluble minerals by microbial activity.
The mechanisms include:
(i) production of organic acids
(i) production of chelators
(iii) dissimilatory reduction of ferric iron
(iv) production of sulphide (Ehrlich 1996).
The latter can react with ferric iron phosphate according to:

2FePO, +3H,S — 2FeS +2H,PO, +S°

All these processes are likely to occur in microbial mats,
but the phosphate liberated will be taken up immediately
by the microbial community. Hence, the occurrence of free
orthophosphate ion in microbial mats is expected to be
negligible. Any organic phosphates must be cleaved hydro-
lytically by phosphatases.

As argued in Sect. 4.7, the growth of most cyanobacterial
mats in coastal environments seems to be limited by nitro-
gen. However, microbial mats formed by heterocystous
cyanobacteria are more likely to become phosphate-limited
because N, fixation provides all the nitrogen needed for their
growth. Mats built by non-heterocystous cyanobacteria are
probably still nitrogen-limited as a result of impairment of
N, fixation by oxygen. However, as is shown in Table 4.5,
phosphate fertilization of such a mat resulted in a dramatic
increase of N, fixation. Similar observations were made by
Camacho and De Wit (2003) for hypersaline microbial mats
and by Pinckney et al. (1995) in stromatolitic microbial
mats in the Bahamas. While in hypersaline microbial mats
the addition of nitrogen resulted in a shift in the community
from cyanobacteria to diatoms without increasing the photo-
synthetic capacity of the mat, phosphate additions greatly
stimulated the cyanobacterial community and their capacity
of N, fixation. Obviously, these mats were co-limited by
phosphate and nitrogen. It is known that N, fixation requires
a certain amount of phosphate for optimal performance
(de Nobel et al. 1997). The effect of phosphate fertilization
on N, fixation may also have been indirect since it also
caused a strong decrease in dissolved oxygen in the mat.
The latter explanation is supported by the fact that N, fixation
was also stimulated by other treatments that resulted in a
decrease of oxygen (Table 4.5). Phosphate fertilization may
also have stimulated heterotrophic bacterial activity and con-
sequently oxygen uptake. The addition of phosphate stimu-
lated gross photosynthesis and oxygen consumption equally
well in the hypersaline microbial mat so that net photosyn-
thesis remained unaltered (Ludwig et al. 2006). Hence, the
microbial community as a whole was phosphate limited.
However, high phosphate (1 mM) additions inhibited photo-
synthesis but not oxygen consumption. This was possibly
due to chemical interactions of phosphate with iron or
calcium ions, influencing their availability (Elser et al. 2005).
Phosphate limitation caused very high C:P ratios which
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constrains the quality of the food for herbivores and therefore
minimizes grazing activity (Elser et al. 2005). Phosphate ferti-
lization of coastal mats resulted in a considerable increase of
chlorophyll a and a shift in cyanobacterial species composi-
tion from an Oscillatoria-dominated community to one with
mainly Phormidium-type forms (Stal unpublished).

Although phosphorus may occur in other oxidation states
(from +5 to —3), it is not important in redox reactions, as is
the case with nitrogen and sulphur. Bacteria readily oxidize
any reduced phosphorus, both aerobically and anaerobically.
The reduction of orthophosphate is thermodynamically not
favorable and is therefore not important for dissimilatory
purposes. Hence, the microbial phosphorus cycle consists
predominantly of the uptake of inorganic phosphate and the
liberation by excretion or autolysis of organic phosphate,
which is subsequently mineralized by phosphatases.

Although almost all phosphate on earth is present in the
oxidized (+5) form, it has become clear that the more reduced
form phosphonate (+3) plays an important role in many
organisms (White and Metcalf 2007). Phosphonates are
characterized by a very stable C-P bond. The potential of the
use of phosphonate as a source of phosphorus has been pro-
posed for the marine planktonic filamentous cyanobacterium
Trichodesmium (Dyhrman et al. 2006) and the transporter
gene phnD has been found in marine picocyanobacteria
(Ilikchyan et al. 2009). The genes that code for the enzymes
that are capable of hydrolyzing this bond may have been
spread by lateral gene transfer (Huang et al. 2005). In the
ocean the source of phosphonates may in fact be the
cyanobacterium Trichodesmium, of which 10% of the phos-
phorus is present as phosphonate (Dyhrman et al. 2009).
Hot spring microbial mats may constitute up to 5% as phos-
phonate and may therefore represent an important source of
phosphorus, when other sources become unavailable (Adam
et al. 2008). The unicellular mat-forming cyanobacterium
Synechococcus OS-B’ possesses genes for the transport of
metabolism of phosphonates which were transcribed upon
phosphate starvation. This organism could become adapted
to growth at the expense of phosphonate even when inor-
ganic phosphate is the dominant source of phosphorus in
these mats and phosphonate appeared to be inhibitory in the
short term (Adam et al. 2008). The source of phosphonate in
microbial mats remains unknown as well as whether it is
common in microbial mats.

Phosphate may be stored in mineral deposits such as
phosphorite, apatite, strengite, and other forms. Phosphorite
deposits are usually found in coastal waters or shallow seas.
They can be formed authigenically when soluble phosphate
reacts with calcium to form calcium phosphate or by diagenesis
when phosphate replaces carbonate in calcareous concretions
(Ehrlich 1996). Both processes are probably biologically
controlled. The model of Piper and Codespoti (1975) explains
phosphorite formation in the marine environment from the
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mineralization of organic matter below the oxygen minimum
layer, where it is coupled to denitrification. This results in
excess inorganic phosphate compared to combined nitrogen.
Upwelling transports phosphate to the sea surface, where it
precipitates with calcium. This model could also apply to
microbial mats where the same processes take place. Such
phosphorite accumulation has been observed in cyanobacterial
mats found on the bottom of small brackish ponds of atolls
in French Polynesia called kopara (Rougerie et al. 1997).
Dahanayake and Krumbein (1985) also reported phosphorite
formed by a microbial mat, but concluded that fungi rather
than cyanobacteria produced this particular fossil mat.

4.11 Conclusions

Laminated microbial mats are often considered to be recent
analogues of fossil Precambrian stromatolites. Stromatolites
are laminated lithified structures that have been formed by
growth and metabolism of microorganisms. Studies of car-
bon isotope ratios provide evidence that photosynthesis was
involved in the formation of stromatolites and the discovery
of microfossils supports the idea that cyanobacteria have
built these formations. However, modern microbial mats
rarely lithify and doubts have been raised as to whether these
systems really can be considered as analogues. Moreover,
the sedimentary record may be biased because lithified mats
have a greater potential of preservation. Nevertheless, non-
lithifying mats have also left their traces in the fossil record
and therefore we know that they have existed throughout the
geological history. There are a limited number of examples of
microbial mats that calcify and form more or less laminated
lithified structures which have morphologies very similar to
the Precambrian examples. The comparison of lithifying and
non-lithifying microbial mats has provided deeper under-
standing of the factors that determine the processes leading
to lithification.

In the majority of examples of microbial mats, cyanobac-
teria play a key role in their formation. Cyanobacteria are
oxygenic phototrophic bacteria and many species are capable
of using dinitrogen (N,) as their only source of nitrogen.
Hence, these organisms have a minimum requirement to pro-
liferate, which is important considering the harsh conditions
in which microbial mats often develop. Only extreme condi-
tions will limit the biodiversity and exclude higher grazing
organisms so that cyanobacteria accumulate to the dense
community that produces a mat. Cyanobacteria have a number
of additional properties that make them excellent model
organisms for forming microbial mats. Many species are
motile through gliding movement, which allows them to posi-
tion themselves under optimal conditions. Light and possibly
chemical factors serve as signals to direct the movement of
the organisms. Many cyanobacteria are further characterized
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by a high affinity for light and reach maximum rate of
photosynthesis at very low light intensities and have low
compensation points. The requirement for energy for main-
tenance purposes is low. Cyanobacteria often have high
affinities for nutrients and perhaps even more important,
they possess storage possibilities for a variety of growth
factors. In addition, their metabolic versatility and reactivity
are important properties of cyanobacteria. For instance,
cyanobacteria are not only photoautotrophs that perform
oxygenic photosynthesis but many are also capable of
anoxygenic photosynthesis. The majority of mat-forming
cyanobacteria is even capable of performing oxygenic and
anoxygenic photosynthesis in concert, allowing maximum
flexibility and reactivity to quickly changing environmental
conditions. Whereas aerobic respiration of endogenous
glycogen seems to be the normal metabolism in the dark, this
does not usually occur in microbial mats, which often are
devoid of oxygen during the night. However, most, if not all,
mat forming cyanobacteria are capable of fermentation.
Growth and metabolic activity of the cyanobacteria intro-
duce organic matter in the microbial mat system and its deg-
radation will drive the growth of other micro-organisms in
microbial mats. Although some organic matter may become
liberated into the environment by death and lysis of the
cyanobacteria, this seems not to be most important. In mature
microbial mats there is hardly any net growth of cyanobacte-
ria despite the high rates of photosynthesis. Organic matter
may become liberated as a result of photorespiration, fer-
mentation, excretion of organic solutes and the secretion of
extracellular polymeric substances (EPS), notably polysac-
charides. Cyanobacteria may produce a well-defined poly-
saccharide sheath. This is often a structural component of the
cell envelope of cyanobacteria. However, cyanobacteria may
also produce vast amounts of mucilage which is not or only
partly associated with the organism. Mucilage is often com-
posed of recalcitrant polysaccharides. It produces a matrix in
which the microbial mat is embedded. This material is sticky
and it will glue sediment particles and organisms together,
giving stability to the sediment surface. Since this matrix
cannot be mixed it presents a diffusive barrier. The polysac-
charide matrix is therefore responsible for the accumulation
and supersaturation with oxygen in the light and likewise for
the anoxic conditions that occur during the night. Of particu-
lar importance is the role that EPS probably plays in
calcification. It is likely that EPS inhibits this process and
that it serves as an anti-calcification agent. This may be either
by preventing growth of small calcite crystallization nuclei
or by binding Ca*". Therefore cyanobacterial mats in which a
high amount of mucus is produced will not calcify. The pro-
duction of mucus in cyanobacteria may be related to unbal-
anced growth. Unbalanced growth occurs when one growth
factor is in shortage. Nitrogen limitation is well known as a
factor that stimulates the secretion of mucus. Marine micro-
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bial mats are often developing under conditions of nitrogen
shortage. This is evidenced by the fact that these mats are
built by N,-fixing cyanobacteria. These mats usually consist
of non-heterocystous diazotrophic cyanobacteria that are
inefficient in fixing dinitrogen because they lack an effective
mechanism to protect nitrogenase from oxygen. This is par-
ticularly the case when during the day very high levels of
oxygen occur in the mat. At night oxygen is absent and there-
fore N, fixation in these mats occurs predominantly then.
However, the limited amount of energy and low-potential
electrons that can be generated under such conditions will
not allow the fixation of ample dinitrogen. Heterocystous
cyanobacteria are optimally equipped for N, fixation in the
light and will not usually face nitrogen-limited growth.
However, as stated above, such cyanobacteria are largely
excluded from microbial mats. Possibly heterocystous
cyanobacteria cannot tolerate high levels of sulphide or dark
anoxic conditions. Also the absence of gliding motility in
heterocystous cyanobacteria and the weak connection between
the heterocyst and the vegetative cell may exclude these
organisms from environments with high rates of sedimentation.
It seems reasonable to assume that Precambrian microbial
mats did not face nitrogen limitation and thus might have
produced much less mucus, calcification therefore not being
inhibited. Future research should investigate the nitrogen
state of modern calcifying microbial mats and the role of
EPS as anti-calcification agents in non-lithifying mats.
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Summary

The marine environment, which includes estuarine, coastal
and open ocean waters, is a phylogenetically rich repository
of planktonic cyanobacteria. All major cyanobacterial groups
are represented in the marine plankton, yet specific environ-
mental constraints strongly select for certain groups to domi-
nate in geographically and climatically distinct regions of the
world’s oceans. In this chapter, physical, chemical and biotic
properties of estuarine, coastal and open ocean habitats are
examined with respect to their controls on the diversity,
abundance and distributions of marine planktonic cyanobac-
teria. The focus is on the filamentous and colonial cyanobac-
teria that periodically accumulate as dense “blooms” that may
discolor oceanic and coastal waters. Blooms are of consid-
erable biogeochemical and ecological significance, because
they represent large concentrations of phytoplankton biomass
that impact carbon, nutrient (N, P, Fe and micronutrients),
and oxygen cycling. The smaller picoplanktonic forms are an
additionally important biomass fraction addressed elsewhere
(see Chap. 20 by Scanlan). Marine planktonic cyanobacte-
ria employ a suite of morphological, physiological and eco-
logical adaptations and strategies aimed at optimizing growth
and reproduction in response to environmental constraints,
including nutrient depletion (oligotrophy), variable degrees
of turbulence, sub-optimal light and temperature conditions
that characterize much of the world’s oceans. These include
N, fixation, nutrient sequestration and storage, buoyancy
regulation, consortial and symbiotic associations, and colo-
niality. Specific planktonic taxa are able to exploit human
and naturally-(climatic) induced environmental perturba-
tions and changes, such as nutrient-enrichment, rising tem-
peratures, increased tropical cyclone activity, altered rainfall
patterns and droughts. Some cyanobacterial bloom taxa are
considered harmful (CyanoHABs) because they can nega-
tively affect water quality and habitat condition by producing
toxins, exacerbating hypoxia, and altering food webs.
Potential nutrient and other management strategies aimed
at controlling CyanoHAB outbreaks and dominance are
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addressed. The extent and limits of biotic evolution in this
ancient group of metabolically-diverse phototrophs has
strongly affected the geochemical and biotic changes charac-
terizing the evolution of the Earth’s oceans and biosphere.

5.1 Introduction

The marine environment, which includes waters ranging from
brackish estuaries to the open ocean, spanning polar to tro-
pical regions, is a rich repository of cyanobacterial diversity
and biomass. To a large extent, this reflects the long evolu-
tionary history of cyanobacteria, which were the first oxygenic
phototrophs to inhabit the world’s oceans, 3 + billion years
ago (Schopf 1993; Knoll 2003). The advent and evolution of
cyanobacteria in the marine environment ushered in some
of its most profound and consequential biogeochemical
and ecological changes; the most important of which was
the transition from anoxic to oxic conditions. Ironically,
while the monumental biotic “breakthrough” of oxygenic
photosynthesis opened up vast segments of the world’s
oceans (and terrestrial environments) to the evolution of
modern-day oxygen-requiring life forms, this major biospheric
change also led to severe constraints on the process that
brought it about; namely photosynthesis, as well as numerous
other oxygen-sensitive metabolic and nutrient-transforming
processes, including respiration and nitrogen fixation (Paerl
1990, 1988). This constitutes one of the great dilemmas in
biotic evolution, and is of fundamental importance to under-
standing the current distribution, diversity and constraints
on the proliferation and dominance of cyanobacteria in the
world’s oceans.

Much of the world’s oceans can be characterized as a
biological “desert”, comprised of nutrient-deplete, ultraoli-
gotrophic waters (Holland 1978; Capone et al. 2008; Paerl
and Piehler 2008). As such, there is a premium on developing
biotic strategies aimed at optimizing productivity and
diversity for countering and circumventing nutrient-deprived
conditions. Marine cyanobacteria evolved under these con-
ditions, and it is argued that their morphological and eco-
physiological diversification reflects these environmental
limitations. Nutrient deficiency is only one of several environ-
mental constraints that cyanobacteria face in the oceans. Their
photosynthetic nature dictates that they reside in illuminated
near-surface waters or the euphotic zone. These waters are also
exposed to periodically-high levels of irradiance (including
UV) and molecular oxygen, known to be a potential inhibitor
of photosynthesis and key nutrient transformation processes,
the most important of which is nitrogen fixation; the con-
version of “inert” atmospheric N, to biologically-reactive
ammonia (Paerl 1990, 1988). In addition, in order to sustain
processes essential for biomass production (i.e. photosynthesis,
nitrogen fixation), specific nutrients (e.g. P, Fe) are required.
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The availability of these nutrients may be severely restricted
in the euphotic zone.

In this chapter, the linkage of these environmental con-
straints to the diversity, abundance and distributions of marine
planktonic cyanobacteria will be explored. The focus will be
on the filamentous and colonial cyanobacteria that periodi-
cally accumulate as dense “blooms” that can discolour oceanic
and coastal waters. The smaller picoplanktonic forms,
which are an important fraction of cyanobacterial and total
phytoplankton biomass, are considered in Chap. 20.
Morphological, physiological and ecological strategies
employed to optimize growth and reproduction will be inves-
tigated. Additional focus will be on marine systems in which
planktonic cyanobacteria are capable of exploiting human
and naturally- (climatic) induced environmental perturbations
and changes, such as nutrient-enrichment (eutrophication),
rising temperatures, increased tropical cyclone activity,
altered rainfall patterns and droughts. The overall objective
is to examine and evaluate the advantages and limits of biotic
evolution of this ancient group of phototrophs, which has
“seen it all” with respect to geochemical and biotic evolu-
tionary processes that have impacted and altered the marine
environment.

5.2  Morphological and Ecophysiological
Diversity of Marine Planktonic

Cyanobacteria

Marine planktonic cyanobacteria are morphologically,
physiologically and ecologically diverse. Cyanobacteria com-
prise a highly significant and at times dominant fraction of
phytoplankton productivity and biomass (Fogg 1982; Paerl
2000; Capone et al. 1997). They exist as spheroid single or
aggregated cells, aggregated or solitary non-heterocystous
filamentous and heterocystous filamentous groups (Stanier
and Cohen-Bazire 1977; Komarék and Anagnostidis 1986)
(Fig. 5.1).

Morphologically, the simplest marine planktonic cyano-
bacterial group contains the single celled forms. They are
also the most abundant, which is evident when examining
a seawater sample microscopically or by flow cytometry
with fluorescent excitation light. This group includes
the non-N,-fixing ubiquitous genera Synechococcus,
Chroococcus, Prochlorococcus and Synechocystis, as well
as a few recently-described N, fixing genera, including
Crocosphaera (Rocap et al. 2002; Zehr et al. 2005; Moisander
et al. 2010; Paerl et al. 2011; Bothe et al. 2011). Species in
these genera consist of small, solitary oval to spherical cells,
on the order of 1-3 um in diameter for the non N, fixers,
while Crocosphaera cells tend to be somewhat larger (up to
7 um in diameter). The smaller (<3 pm) cyanobacterial group
is also referred to as the “picoplankton” (see Chap. 20). The
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Marine Planktonic Cyanobacteria: Taxonomic Groups

e Unicellular (coccoid)
Synechococcus, Crocosphaera

® Filamentous, non-heterocystous
Oscillatoria, Trichodesmium

® Filamentous, heterocystous
Anabaena, Nodularia

o e

Fig. 5.1 Microphotographs of the major taxonomic groups and representative genera of marine planktonic cyanobacteria. Note that individual

cells and filaments (trichomes) may be aggregated in colonies

picoplankters constitute an important fraction of the primary
production and biomass (often in excess of 50%) of marine
phytoplankton, especially in low nutrient, oligotrophic
waters. However, they are not just confined to oligotrophic
waters. Picoplanktonic cyanobacteria can also be a significant,
and sometimes dominant, fraction of the phytoplankton in
coastal and estuarine environments (Johnson and Sieburth
1979; Ray et al. 1989; Phlips et al. 1999; Marshall 2002;
Murrell and Lores 2004). Lastly, unicellular cyanobacteria
play a role as endosymbionts in diverse eukaryotic marine
phytoplankton (Foster et al. 2006a, b; Escalera et al. 2010).
Because they are unicells, picoplanktonic cyanobacteria
have morphological and physiological constraints on con-
ducting oxygenic processes (e.g. O -evolving photosynthesis)
and oxygen-sensitive processes (e.g. N, fixation) contem-
poraneously in the same cells. As a result, most oxygenic
photosynthetic picoplanktonic genera are incapable of fixing
N,, although there are exceptions. A notable example is the
genus Gloeothece, which is capable of N, fixation under dark
conditions (at night), when photosynthesis is not active
(Gallon 1992). Even at night, when oxygenic photosynthesis
ceases, it is a challenge to fix N, in small single cells, because
the ambient water column is usually fully oxygenated.
Therefore, these diazotrophic genera must be able to offset
inward diffusion of oxygen and maintain low intracellular
oxygen concentrations through respiratory processes, and
production of diffusive barriers (slimes and other polymeric

substances). Crocosphaera, which is also capable of fixing
N,, (like Gloethece at night) was cultivated from Atlantic
waters in the mid 1980s (Waterbury and Rippka 1989).
Related strains have been cultivated from both the Atlantic
and Pacific (Falcon et al. 2004; Zehr et al. 2001). This
cyanobacterium is widely distributed and thus may be an
important contributor to fixed C and N budgets of the world’s
oceans (Moisander et al. 2010).

The second group of marine planktonic cyanobacteria are
the non-heterocystous, filamentous forms, which include the
genera Oscillatoria, Lyngbya, Leptolyngbya, Phormidium,
and Spirulina. Members of this group can be important
contributors to estuarine and coastal planktonic and benthic
primary production (Fogg 1982; Paerl 2000). Like the coccoid
unicells, most of these undifferentiated filamentous cyano-
bacteria do not fix N,. However, some species of Lyngbya and
Oscillatoria are capable of diazotrophy, mostly during dark-
ness and/or in oxygen-deplete microenvironments (aggregates,
biofilms, mats, and as endosymbionts) (Zehr and Paerl 2008).
This restricts their distributions (Paerl and Zehr 2000; Paerl
and Kuparinen 2002). As such, they are generally not con-
sidered to be important contributors to large-scale estuarine,
coastal or oceanic planktonic N, fixation budgets.

An important exception is the genus Trichodesmium, a
widespread and ecologically important non-heterocystous
N, fixer found throughout tropical and subtropical oceans
(Capone et al. 1997; Karl et al. 2002). Trichodesmium is
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Fig. 5.2 Diel patterns of CO, fixation (as '*CO, incorporation) and
N, fixation (nitrogenase activity, determined as rates of acetylene
reduction) in natural populations of the ubiquitous sub-tropical/tropical
planktonic Trichodesmium sp. Note that both activities co-occur and
are confined to daytime, with CO, fixation tending to peak before
N, fixation, a pattern also commonly observed in heterocystous

capable of fixing N, during daytime; with patterns of
N, fixation resembling those of oxygenic photosynthesis
(light-mediated CO, fixation) (Fig. 5.2). This attribute
not only distinguishes Trichodesmium from other non-
heterocystous cyanobacterial diazotrophs; it is also a likely
reason for its periodic dominance in N-deplete oligotrophic
open ocean waters, where biologically-available N can be
chronically deficient, but photosynthetically active radiation
(PAR 400-700 nm) is plentiful.

Several hypotheses have been proposed to help explain
the ability of Trichodesmium to fix N, in the light without
heterocysts. One hypothesis is that there is combined tem-
poral and spatial separation of activities (Berman-Frank
et al. 2001), with reduced photosynthetic activities from the
uncoupling of photosystem II (PS II) from photosystem I
(PST) occurring on short time scales that would allow N,
fixation to occur (Kiipper et al. 2004). However, evidence
that cells conducting N, fixation do not photosynthesize has
been elusive. It has also been proposed that the high respira-
tionratesaccompanyingthe Mehlerreactionin Trichodesmium
may provide respiratory protection of the O, sensitive nitro-
genase complex (Berman-Frank et al. 2001; Kana 1993).

Spatial separation of these processes on either intra or inter-
cellular levels has also been investigated (Paerl and Bebout
1988; Janson et al. 1993; Paerl 1994). Immunolocalization
studies of the nitrogenase protein in Trichodesmium filaments
and colonies have yielded contrasting results. Paerl et al. (1989)

cyanobacteria (Paerl 1990). Samples were freshly collected as part
of a National Science Foundation supported Biocomplexity cruise in
subtropical Pacific waters near Hawaii on 11 August 2003. They were
incubated on shipboard (high intensity fluorescent lights) (Data provided
courtesy of Dr Douglas Capone, University of Southern California,
Los Angeles, CA)

showed that most cells along filaments and throughout
colonies were nitrogenase positive, indicating broad genetic
potential for fixing N, throughout the colonies. On the other
hand, El-Shehawy et al. (2003) and Fredriksson and Bergman
(1995) indicated that there may be some differences in dis-
tribution of nitrogenase in cells along the filaments. They
termed heavily-labeled (with the antibody to nitrogenase)
cells “diazocytes”. However, an inverse relationship between
nitrogenase activity and PS II oxygen evolution in individual
cells was not demonstrated. Paerl and Bebout (1988) and
Paerl (1994) suggested that the partitioning (and hence
coexistence) of these processes was more likely controlled
by the development of oxygen gradients along the lengths
and in aggregates of filaments.

The ability to form highly buoyant aggregates comprised
of either bundled or radially-oriented filaments is a conspicu-
ous trait of Trichodesmium (Fig. 5.3). These aggregates, also
called “puffs” and “tufts”, are the dominant forms in which
Trichodesmium exXists in surface blooms, originally called
“sea sawdust” by Darwin (Seward 1909). Relatively high
rates of photosynthesis and N, fixation have been associ-
ated these colonies (Carpenter and Capone 1992; Paerl and
Bebout 1988; Paerl 1994, 1999). Hence, they are viable,
active morphological forms of this diazotroph. Carpenter
and Price (1976), and subsequently Paerl (1994) provided
microautoradiographic evidence that Trichodesmium filaments
arranged in aggregates showed spatial partitioning of the
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Fig.5.3 Radially- (“puff”) and fusiform- (“tuft”) shaped aggregates of
the non-heterocystous, filamentous N, fixing cyanobacterial genus
Trichodesmium. Planktonic blooms of this organism can be comprised
of just one form or a mixture of both

fixation of radiolabeled '*CO, along the lengths of filaments,
with photosynthesis being most active in the outer distal
regions. Paerl and Bebout (1988), using oxygen microelec-
trodes, demonstrated that in actively-photosynthesizing puff-
shaped aggregates, the outer regions were highly oxygenated,
while the inner, central regions were oxygen-deplete. This
observation confirmed earlier findings that photosynthesis
was most active in the outer regions of filaments and that the
inner regions were relatively inactive (Carpenter and Price
1976). It also suggested that the tightly packed inner
regions of aggregates may provide self shading, leading to
relatively low rates of photosynthesis (and hence low rates of
O, evolution). This would promote the formation of low-
oxygen internal regions in which N, fixation could proceed
in an uninhibited manner. Paerl (1994) also showed that in
cultured Trichodesmium populations (strain IMS 101;
Prufert-Bebout et al. 1993), individual filaments that were
incubated with *CO, revealed similar spatial partitioning of
photosynthetic CO, fixation. However, unlike aggregates,
which grew well over a range of light intensities up to
500 pmol photon m? s7!, individual filaments failed to grow
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diazotrophically above light intensities greater than 100 pmol
photon m? s~'. This suggests that, when arranged in aggre-
gates, Trichodesmium filaments laterally partition CO, and
N, fixation and can co-optimize these potentially cross-
inhibitory processes (Paerl 1994).

Models based on physical drivers (light, temperature,
water circulation) of Trichodesmium blooms have been
developed to help predict their distributions and magnitudes
(Hood et al. 2001). Trichodesmium blooms are surface
phenomena that lend themselves to being visualized from
space; hence, remote sensing has proven to be a useful tool
for spatially delineating and characterizing these blooms
(Subramaniam et al. 2001). The model of Hood et al. (2001),
which uses remote sensing imagery (Hood et al. 2002), is
based on growth as a function of light, and predicts the
distribution of Trichodesmium in the North Atlantic Ocean.
This model predicts high abundances and N, fixation rates
of Trichodesmium as part of successional events from
upwelling regions (Hood et al. 2004). The contribution of
Trichodesmium N, fixation to phytoplankton community N
needs in the North Atlantic was calculated based on the
relationships between remotely-sensed chlorophyll, sea
surface height and temperature (SSH and SST). A model for
the North Pacific incorporated light, temperature, phosphorus
and wind stress, and the N, fixation rate was predicted from
growth rate and elemental composition.

The heterocystous filamentous cyanobacteria are the
third important functional group in the marine plankton.
Heterocysts are differentiated vegetative cells that have
“lost” the O, evolving component (photosystem II), but have
retained photoreductive capabilities (photosystem I) of
the photosynthetic apparatus (Gallon 1992; Zehr and Paerl
2008). These thick-walled cells, which are interspersed in
filamentous taxa, are a highly-specific morphological and
physiological adaptation to ambient oxic conditions, in that
they harbour the oxygen-sensitive nitrogen (N,) fixing
apparatus in an O -free microenvironment (Wolk 1982).
Fixed carbon and nitrogen compounds can be exchanged
between heterocysts and neighboring vegetative cells (Wolk
1982). This enables heterocystous taxa to contemporaneously
photosynthesize and fix atmospheric N,, providing access to
an unlimited supply of biologically-available N during the
N-limited conditions that frequently characterize oxygen- and
radiant-rich surface waters. On the face of it, heterocystous
cyanobacteria appear to be the most highly evolved and
well-adapted diazotrophs in aquatic environments; reflective
of a modern-day oxygen-rich biosphere. Indeed, certain hetero-
cystous genera (Anabaena, Aphanizomenon, Nodularia) can
at times form dense surface blooms in some coastal sea
environments, most notably the brackish Baltic Sea, and
some coastal lagoonal ecosystems (Paerl and Fulton 2006).
However, despite what appears to be a rather ingenious
ecophysiological adaptation to oxic, N-deficient conditions,



Fig. 5.4 Heterocystous cyanobacterial endosymbionts (cyanobionts) in
marine planktonic diatoms. Upper Blue excitation and light epifluorescent
micrograph of host diatom, Hemiaulus membranaceus associated with
two Richelia intracellularis cyanobionts. The trichome of Richelia
excites yellow (h, heterocyst) and orange (v, vegetative cells), while the
chloroplast (c) of the Hemiaulus excites red under blue light (scale bar
5 pm). Lower Green excitation epifluorescent micrograph of the termi-
nal end of two Rhizosolenia diatoms associated with two Richelia intra-
cellularis cyanobionts. Phycobiliproteins excite red under green light as
do the vegetative cells in Richelia (scale bar 5 um). The images were
taken during cruises to the subtropical N. Pacific (upper) and the Gulf of
California (lower) (Images courtesy of Dr Rachel A Foster, Max Planck
Institute for Marine Microbiology, Bremen, Germany)

it is puzzling why members of this group are not more
common and dominant throughout the marine plankton,
especially in chronically N deficient open ocean waters.
Possible explanations for what appears to be an unfilled
niche for these diazotrophs are discussed below.
Filamentous heterocyst-forming cyanobacteria can be
found as endosymbionts in some open ocean diatom
genera, including: Rhizosolenia, Chaetoceros, Hemiaulus, and
Bacteriastrom (Fig. 5.4), but these species are exceedingly
difficult to culture (Gémez et al. 2005; Janson et al. 1999;
Villareal 1992, 1994) and hence our knowledge of their eco.
physiology is limited. Microscopic observations compared
with molecular characterization studies revealed that the
different symbiotic associations are comprised of phyloge-
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netically distinct populations (Janson et al. 1999; Foster and
Zehr 2006). Furthermore, quantitative PCR (QPCR) studies
have shown that such associations are widely distributed,
especially in tropical and subtropical regions (Church et al.
2005, 2006, 2008; Foster et al. 2008; Fong et al. 2008; Zehr
et al. 2007). However, few direct measurements of CO,
and N, fixation by these diatom-diazotroph associations
have been made, mainly due to difficulty in their collection
(c.f., Foster and O’Mullan 2008).

Taylor (1982) summarized anecdotal accounts of hetero-
cystous Anabaena associated with Coscinodiscus diatoms,
and Carpenter and Foster (2002) showed an epifluorescent
micrograph of coccoid cyanobacteria within Coscinodiscus
collected in the Indian Ocean near Zanzibar, Africa. Coccoid
and small ovoid pico-cyanobacteria are most commonly
associated with Dinophysoids (Dinoflagellates), Tintinnids
and Radiolaria in the open sea (Foster et al. 2006a, b).

Additional heterocystous planktonic cyanobacterial genera/
species have been reported in the + open ocean, including
Anabaena gerdii (Carpenter and Janson 2001). Sightings of
these free-living heterocystous cyanobacteria are rare.
However, they are reported in geographically-diverse
waters (albeit infrequently), including the Bermuda Atlantic
Time-Series (BATS) station in the North Atlantic (Zehr et al.
2005) and the North Pacific gyre (Carpenter and Janson
2001). Reports of free-living Richelia intracellularis, the
symbiont of the above mentioned diatoms, are infrequent with
observations from the Pacific Ocean only (Gémez et al. 2005).
Therefore, it is concluded that planktonic heterocystous
cyanobacteria are widely distributed in the world’s oceans, but
they are most abundant as blooms in eutrophied seas and
coastal systems and as endosymbionts in the open ocean,
where they appear to live in protective diatom “glass houses”.

5.3 Occurrence, Distribution
and Environmental Controls
on Marine Cyanobacteria

5.3.1 Occurrence and Distribution

Overall, cyanobacteria constitute an important component of
marine phytoplankton communities (Fogg 1982; Paerl 2000).
This is even more obvious when the picocyanobacteria are
included (also see Chap. 18). Estimates of the fractions of
oceanic phytoplankton attributable to cyanobacteria range
from <10% in high latitude upwelling regions to >50% in
tropical oligotrophic waters (Paerl 2000). Cyanobacteria
also play important biogeochemical and trophic roles in
coastal and estuarine waters. In the world’s largest brackish
water body, the Baltic Sea, extensive blooms of hetero-
cystous filamentous genera (Aphanizomenon, Anabaena,
Nodularia) occur during vertically-stratified summer months
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Fig. 5.5 Surface blooms of cyanobacteria in the Baltic Sea. Upper
frame: A satellite (MODIS) image of blooms located between the
Swedish and Finnish coasts near the entrance to the Gulf of Finland
(Courtesy of NASA-MODIS Program). Lower frames: Aircraft imagery

(Kononen et al. 1996) (Fig. 5.5). These blooms are significant
sources of “new” N (~30% of “external” N inputs to the
Baltic), and as such they play a central role in the N cycling
and eutrophication dynamics of this system (Elmgren and
Larsson 2001). Other examples include non- or micro-tidal
lagoonal estuarine systems like the Peel-Harvey Estuary in
Australia (Nodularia) (Huber 1986), Lake Ponchartrain, LA
(Anabaena) (Dortch et al. 1999), sub-estuaries (Chowan,
Neuse) of the lagoonal Pamlico Sound system, NC (Paerl
1983; Paerl et al. 2001), coastal lagoonal systems in Brazil
and Colombia, South America, coastal western and southern
Europe, and throughout Australasia (Paerl and Fulton 2006).

There appears to be a strong latitudinal gradient in
cyanobacterial distribution and dominance, which can be attri-
buted to several environmental factors, most notably ambient
nutrient supplies and concentrations, and temperatures.
In general, high nutrient, high latitude (both in the northern
and southern hemispheres) ocean waters tend to be rich in
large, fast growing eukaryotic phytoplankton taxa, including
diatoms, and flagellates. In contrast, ultraoligotrophic tropical
and subtropical waters, especially in semi-isolated gyre regions
(e.g., N. Pacific Gyre, Sargasso Sea) tend to be dominated
by smaller size phytoplankton, including picocyanobacteria,
smaller filamentous cyanobacteria (e.g. Phormidium), and

of the blooms in the Gulf of Finland (Courtesy of Finnish Border
Guard). These blooms were comprised of the heterocystous N,-fixing
genera Nodularia, Anabaena and Aphanizomenon, as well as the coccoid
non-N -fixing Microcystis

N, fixing cyanobacterial genera, most prominently
Trichodesmium, as well as endosymbiotic heterocystous
genera (e.g. Richelia) (Fogg 1982; Paerl 2000). The pre-
dominance of cyanobacteria in the plankton with decreasing
latitudes closely follows increasing temperatures and
decreasing nutrient availability (Paerl and Huisman 2009).
In part, this reflects on the ability of diverse cyanobacterial
genera to extract key growth-limiting nutrients (N, P, Fe)
with high degrees of efficiency, using ecophysiological
mechanisms not available to the eukaryotic phytoplankton
with which they compete. These mechanisms include; (1)
N, fixation, (2) highly efficient (low K ) nutrient (N and P)
uptake systems, (3) nutrient storage capabilities for P
(polyphosphates) and N (phycobilins), (4) buoyancy regula-
tion, which enables cells to periodically and rapidly “dip”
into nutrient-rich deeper waters and then equally rapidly
return to high-light near surface waters, and (5) symbiotic
associations, which provide protection and enhance nutrient
recycling within the “phycosphere” of the host eukaryotes
(c.f. Paerl 1990).

Temperature also plays a major role in determining
the geographic distributions of marine cyanobacteria. As a
group, the cyanobacteria exhibit relatively slow growth rates
and long doubling times when compared to eukaryotic taxa.
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Fig. 5.6 Temperature dependence of the specific growth rates of
Microcystis aeruginosa (Reynolds 2006) and Planktothrix agardhii (Foy
et al. 1976), the diatom Asterionella formosa (Butterwick et al. 2005)
and the cryptophyte Cryptomonas marssonii (Butterwick et al. 2005).
The data are from controlled laboratory experiments using light-saturated
and nutrient-saturated conditions. Solid lines are least-squares fits of the
data to the temperature response curve of Chen and Millero (1986)
(Figure adapted from Paerl and Huisman 2009)

This is most apparent at low temperatures (<10°C), where
eukaryotic phytoplankton (i.e. diatoms, flagellates) growth
rates are double to triple those of cyanobacteria, including
picocyanobacteria. This temperature-growth differential
becomes much smaller under warmer (>20°C) conditions
(Peeters et al. 2007; Johnk et al. 2008; Paerl and Huisman
2009) (Fig. 5.6). In terms of distribution and dominance,
cyanobacteria compete much better with eukaryotes, growth
rate-wise, when warm water conditions prevail, as occur in the
tropics. This begs the question as to whether cyanobacteria
will compete more effectively in response to regional and
global warming, a scenario known to benefit freshwater
cyanobacterial bloom species (Paerl and Huisman 2008,
2009; Johnk et al. 2008). The influence of a warmer biosphere
on cyanobacterial community composition, dominance and
bloom potentials requires scrutiny, especially in estuarine
and coastal waters influenced by anthropogenic nutrient
enrichment and eutrophication (Paerl et al. 2011a, b).
This human-climate interaction may be advantageous to
the growth and proliferation of cyanobacteria in the marine
environment.

The Baltic Sea offers a “looking glass” into this potential
ecological scenario. This large brackish system exhibits a
gradient in salinity ranging from near full seawater salinity at
the entrance to the North Sea (the Kattegat and Skagerrak) to
freshwater conditions in its northern lobe, the Bothnian Bay,
and its easternmost region, the Gulf of Finland. Major
segments of the Baltic Sea show strong vertical salinity and
temperature stratification in summer months. This is accom-
panied by bottom water hypoxia and semi-permanent anoxic
basins (Conley et al. 2009a). The Baltic Sea is surrounded
by numerous Scandinavian, Western and Central European
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countries that have undergone expanding agriculture,
urbanization and industrialization, accompanied by increases
in nutrient loading over the past several centuries.
Paleostratigraphic sediment evidence indicates that eutrophi-
cation has accompanied the period of enhanced nutrient
loading (Elmgren 1989; Elmgren and Larsson 2001). In
particular, the presence and proliferation of bloom-forming
cyanobacteria has been a long-term phenomenon (since the
1800s) in the Baltic Sea (Bianchi et al. 2000). The combined
effects of nutrient over-enrichment, periodic summer surface
water heating and strong vertical stratification have provided
ideal conditions for summer dominance by potentially
toxic, bloom-forming heterocystous N, fixing (Anabaena,
Aphanizomenon, Nodularia) and non-heterocystous non-N,
fixing (Microcystis) cyanobacteria.

Nutrient (both N and P) input controls have been prescribed
in efforts to reverse this unwanted situation (Elmgren 1989;
Elmgren and Larsson 2001; Boesch et al. 2005), and some
benefits of nutrient reductions have already been evident in
parts of the system. For example, nutrient input reductions
due to the collapse of agricultural production in the former
Soviet Union eastern Baltic states in the late 1980s-early
1990s is thought to have been responsible for a reduction
in noxious blooms of Microcystis and Aphanizomenon
in the Estonian Bight and southern Baltic coastal waters
bordering this region (Nausch et al. 1999), and N and P input
reductions in the Gulf of Finland have likewise led to a
reduction in the magnitude of cyanobacterial blooms there
(Kirrikki et al. 2001). In Sweden, nutrient input reductions
to fjords draining into the Baltic Sea have reduced algal
bloom (including cyanobacterial) potentials (Elmgren and
Larsson 2001).

It is possible that increased surface water temperatures,
resulting from a recent period of warming in Northern
Europe, may also be playing a role in the promotion of
cyanobacterial blooms. For example, lakes in Central and
Northern Europe that have experienced symptoms of warm-
ing (i.e. earlier periods of surface ice melting, higher surface
water temperatures and stronger, more persistent vertical
stratification) have shown a propensity for expansion of
N, fixing (Cylindrospermopsis, Anabaena, Aphanizomenon)
and non-N, fixing (Microcystis) cyanobacterial bloom
species (Stiiken et al. 2006; Wiedner et al. 2007). There is
similar evidence that such a trend may be occurring in the
Baltic Sea proper (Suikkanen et al. 2007). Therefore climate
change, especially warming, may be playing an interactive
(with nutrient over-enrichment) role in controlling cyanobac-
terial dominance in the plankton (Paerl and Huisman 2008,
2009; Paerl et al. 2011a, b).

Despite what appears to be man-made and climatic
environmental changes that favor the expansion of cyanobac-
terial blooms, combined with the fact that N, fixing
cyanobacteria enjoy an obvious advantage in N limited
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marine ecosystems, only rarely do these diazotrophs dominate
phytoplankton communities in N deplete estuarine, coastal
and open ocean waters. Notable exceptions are extensive
blooms of the non-heterocystous diazotroph Trichodesmium
(Carpenter and Capone 1992; Capone et al. 1997; Karl et al.
2002) and associations between diatoms and diazotrophic
cyanobacterial endosymbionts (e.g. Rhozosolenia- Richelia)
in subtropical and tropical open ocean waters (Carpenter
and Capone 1992; Carpenter and Foster 2002), and
filamentous non-heterocystous (Lyngbya) and heterocys-
tous (Nodularia) genera in nutrient-enriched and
periodically-stratified brackish, lagoonal and periodically-
stratified waters, where the combined effects of nutrient
enrichment and water column stability appear to favor their
growth (Paerl 1990; Paerl and Zehr 2000). To some extent,
these taxa may be benefitting from man-made and climatic
changes taking place on land masses bordering the subtropi-
cal oceans. One example is the desertification of Sub-
Saharan Africa, a phenomenon that has been exacerbated by
recent persistent droughts and deforestation (Bou Karam
et al. 2009). These effects have increased the mobilization
of iron and phosphorus as dust in the atmosphere during
sandstorms. Dust clouds from these storms are advected
over the Eastern Equatorial Atlantic, where they constitute
important sources of “new” Fe and P in surface waters
(Fig. 5.7). Buoyant Trichodesmium and other cyanobacterial
populations that require these nutrients for diazotrophic
growth benefit from these nutrient inputs (Walsh and
Steidinger 2001; Capone et al. 2008). Therefore, there
appears to be a mechanistic connection between increasing
aeolian supplies of Fe and P, cyanobacterial growth and
bloom potentials.

5.3.2 Environmental Controls

From ecological and environmental perspectives, factors
influencing cyanobacterial development, growth and expan-
sion in marine planktonic habitats are complex and interactive.
Furthermore, these factors are at the mercy of natural events,
and changes in these events (such as droughts, floods, regional
and global climate change), and human watershed-based
activities (such as nutrient, other pollutant and sediment
loadings). Potential regulatory factors include:
1. Nitrogen and phosphorus supply rates, ratios, chemical
forms and sources.
. Iron and trace metals.
. Organic matter composition and concentrations.
. Sedimentation and turbidity.
. Salinity.
. Light and temperature.
. Water residence (flushing) times.
. Water column vertical stratification and stability.
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Fig. 5.7 Iron-rich dust clouds originating from the Sahara and sub-Sahara
regions of Africa. These clouds, which can travel many hundreds of km
and are advected over Fe-poor oligotrophic ocean waters, are con-
sidered important sources of “new” Fe supporting CO, and N, fixing
requirements for surface dwelling cyanobacteria (e.g. Trichodesmium)
populations. Shown here are dust emissions over the Mediterranean Sea
and Eastern Atlantic Ocean (Photographs courtesy of NASA SeaWiFS
Program)

9. Biological interactions, such as microbial antagonism
and synergism, and grazing.
10. Climate change (which is linked to many of the above
factors).

A conceptual figure of physical, chemical and biotic
factors influencing cyanobacterial growth and dominance is
presented (Fig. 5.8). These factors interact in time and space.
Identifying the mechanisms and effects of these interactions
is critical to understanding controls of cyanobacterial growth
and bloom formation.

5.3.2.1 Nitrogen and Phosphorus

Among the macronutrients required for aquatic plant growth
and function in the marine environment, N and P are
generally in shortest supply relative to need in that order
(c.f. Redfield 1958, Dugdale 1967; Elmgren and Larsson
2001). Accordingly, enrichment with one or both of these
nutrients usually stimulates growth (Vollenweider et al. 1992;
Fisher et al. 1992; Paerl 2009). In marine ecosystems,
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Fig. 5.8 Conceptual representation of the physical, chemical and biotic factors influencing marine planktonic cyanobacterial growth and domi-

nance (Adapted from Paerl 2008)

eutrophication is most commonly referred to as nutrient-
enhanced organic matter production (Nixon 1995). While
adequate fertility is essential for ecosystem productivity
and function, there are numerous negative impacts associ-
ated with nutrient over-enrichment, including harmful algal
blooms, hypoxia, toxicity and food web alterations (Boesch
et al. 2001; Rabalais and Turner 2001; Paerl and Piehler
2008). Cyanobacteria are among harmful algal bloom taxa
able to exploit nutrient over-enrichment (Paerl 1988; Paerl
and Millie 1996; Carmichael 1997).

While P has been identified as the most common limiting
nutrient in freshwater ecosystems (Likens 1972; Schindler
1975), N inputs most often control “new” production and
eutrophication in the marin