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FOREWORD

This volume encompasses a great diversity of subjects as well as authors, most of
whom are well recognized and established in their fields and others who are
younger, upcoming scientists of whom we will hear more in the future. The subject
is extremopbhiles, and is almost entirely focused on photosynthetic microbes. It is a
complementary and updated version of a volume of similar subject matter
published in 2001 (Algae and Extreme Environments: Ecology and Physiology, eds.
J. Elster, J. Seckbach, W.F. Vincent and O. Lhotsky, Nova Hedwigia, Beiheft 123:
1-602. Schweizerbart’sche Verlagsbuchhandlung, D-70176 Stuttgart. http://www.
schweizerbart.de/pubs/books/bo/novahedwig-051012300-desc.ht, Berlin/Stuttgart,
602 pp.). Few of the authors of the present volume were involved in the earlier
publication, and many of the subjects are quite different.

The studies of extremophiles have increased almost exponentially in the last
several years, mainly because of the interest in early life on this planet and possi-
ble life (past or present) on others. This has necessitated the creation of a new and
well-received journal, Extremophiles (Volume 1, 1997 to present). Unfortunately,
few of the papers published in this journal to date have focused on phototrophs.
Papers on tolerance to environmental extremes by phototrophic microorganisms
are also frequently found in a number of journals, including Journal of Phycology,
Applied and Environmental Microbiology, Environmental Microbiology, Microbial
Ecology, Archives of Microbiology, and several others, and, of course, in the series
of volumes entitled “Cellular Origin, Life in Extreme Habitats and Astrobiology”
(www.springer.com/series/5775) edited by Joseph Seckbach.

The current volume is divided into nine subject areas in addition to an open-
ing section: General introductory chapter (1), (2) Phototrophs at high and low
light, (3) Phototrophs in the marine environment, (4) Phototrophs in cold envi-
ronments, (5) Phototrophs in hot alkaline and acidic environments and
non-thermal acidic habitats, (6) Phototrophs under water stress: dry and hyper-
saline environments, (7) Adaptability to changing environments, (8) Other
microorganisms and extreme habitats, and (9) Outlook.

We need to remember that phototrophs, except for a few, do not generally
extend as far into some extreme environments as do the non-photosynthetic
Bacteria and Archaea. With respect to upper temperature limits, a few
Cyanobacteria and Chloroflexi extend to the lower 70°Cs which demarks the
upper boundary for a few unique organisms of each of these phyla, and conse-
quently the upper temperature limit for chlorophyll- or bacteriochlorophyll-based
photosynthesis (a limit known and not disputed for many decades). With respect
to upper salinity limits, there too the non-photosynthetic Bacteria and Archaea
dominate the picture, but there are exceptions. Some phototrophic purple
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X FOREWORD

bacteria (e.g., Halorhodospira spp.) nearly equal the upper salinity limits of some
of the non-phototrophs, and a few cyanobacteria (e.g., Halothece spp.) and
diatoms come close, as does the green alga, Dunaliella salina. The non-
phototrophs do not have the monopoly on cold or freezing tolerance, although
they may have with respect to true psychrophily, since most of the cyanobacteria
isolated from cold habitats are psychrotolerant rather than psychrophilic.
Cyanobacteria appear to have an edge over eukaryotic microalgae with ability to
withstand freezing in nature.

Acidophily or acidotolerance are well represented by the non-phototrophic
Bacteria and Archaea. The Cyanobacteria and anoxygenic phototrophic Bacteria
are almost excluded from acidic environments below pH 4-4.5 [with the exception
of Acidophilium spp. (o-Proteobacteria) that use Zn in the center of the porphyrin
ring of bacteriochlorophyll instead of Mg].

Periodic and long-term desiccation is another extreme that is well repre-
sented by phototrophs, particularly cyanobacteria — these to a greater extent than
microalgae. It is not clear that non-phototrophic Bacteria or Archaea have the
edge with desiccation as the stressor.

The chapters vary in subject matter from algae and cyanobacteria in sub-
aerial urban environments, in environments that are exposed to freeze-thaw
cycles and permanent coldness, as well as speculations as to the versatility and
evolution of cyanobacteria in extremes and the role of reduced iron as a reduc-
tant in early photosynthesis. Some papers are more focused on individual species
or natural groups of species and their responses to various extremes. Many habi-
tats or natural groups of organisms included here have barely been described or
discussed before in the context of extreme environments. There is extensive spec-
ulation in some of the chapters, particularly those that constitute brief reviews of
the subjects. From a scan of abstracts and concluding remarks, I also believe that
portions or conclusions of some of the chapters may be somewhat or highly
controversial, and therefore should stimulate discussion.

With respect to the Eukarya (algae, except for a couple of chapters on
“other” protists or fungi), there is a chapter that emphasizes the uniqueness of the
dinoflagellates as a distinct group, and another, their probable propensity to
acquire endosymbionts in crowded benthic environments. Diatoms are also dis-
cussed, particularly with respect to the mysteries of their intricate and rigidly
controlled wall patterns, and in another chapter, their remarkable ability to thrive
in cold seawater and even to endure freeze—thaw episodes.

Acidic environments are involved in a few chapters. The acidic Rio Tinto of
southwestern Spain drains ancient mine pits. There are descriptions of other acid
mine drainways that are also very rich in heavy metals that would be toxic for
most algae, but these habitats nevertheless sustain a mixed assemblage of a few
specialized species of algae, including diatoms, euglenoids, and green algae. The
biomineral deposits of the extreme Rio Tinto are suggested as possible analogs in
the search for remnants of possible microbial life in ancient deposits on Mars.
Primitive photosynthetic, unicellular red algae of the order Cyanidiales inhabit
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acid environments from pH 0.0 to 4.0 with temperatures from about 40 to 56°C.
A few species of acidophilic eukaryotic algae also inhabit waters of this pH range,
but at lower temperature. Thermoacidic environments such as the sulfurous vents
near Naples, Italy, are discussed with respect to the Cyanidiales that reside and
thrive there. Another chapter delves into understanding the biology of these algae
based on knowledge of their genomes.

Other chapters describe the distribution of various algae and cyanobacteria
in varied habitats (e.g., under UV stress, in dim light, on man-made substrates,
high diversity in urban environments, soils, and in other periodically xeric or
aero-terrestrial environments).

About half of the chapters focus on prokaryotes (namely cyanobacteria or
mixed communities). Some are reviews, such as that on the diversity, versatility,
and specialization of cyanobacteria that may help to explain their extraordinary
ability to inhabit various extreme environments. Three other chapters examine the
tolerances of cyanobacteria in polar and other cold environments. Some authors
have focused on specific cyanobacteria, such as Acaryochloris, the only cyanobac-
terium utilizing chlorophyll ¢ instead of chlorophyll a, the extreme
desiccation-tolerant cyanobacterium, Chroococ-cidiopsis, that may represent a
type close to a form that may have inhabited a terrain like that of Mars in hap-
pier times past, and Mastigocladus cf. laminosus, a common global, thermophilic
cyanobacterium that exhibits somewhat dissimilar genotypes in different portions
of the thermal gradient of the same alkaline, geothermal stream as well as in near
and distant geographic locations.

There are, of course, other topics that I have not mentioned. However, this
compilation has such a remarkable variety of subject matter that I believe that it
should not be treated simply as a reference volume for specialists who would con-
centrate on one habitat or on a few species, but should be read in full by every
biologist interested in extreme or unusual environments and their organisms.

Center for Ecology and Evolutionary Biology Richard W. Castenholz
University of Oregon, Eugene, OR, USA

E-mail: rcasten@uoregon.edu

December 2006
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Biodata of Richard Castenholz, author of the Foreword.

Dr. Richard W. Castenholz is professor emeritus in the Center for Ecology and
Evolutionary Biology at the University of Oregon. He received his B.S. in Botany
at the University of Michigan (1952) and his Ph.D. in Botany at Washington
State University (1957). He has been a faculty member at the University of
Oregon since 1957. His early research was focused on the ecology of both fresh-
water and marine epilithic diatoms, but in the late 1960s he switched almost
entirely to the study of cyanobacteria and anoxygenic phototrophic bacteria of
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microorganisms adapt to environmental extremes (e.g., high and low tempera-
tures, low pH, high salinity, desiccation, normally toxic sulfide concentrations,
and high solar irradiance, especially UV radiation)?

In these studies, he and his students have characterized scytonemin, a UV-
shielding compound in the extracellular sheaths of many highly exposed
cyanobacteria, and have demonstrated its role in increasing fitness under UV
exposure, even when cells are metabolically inactive. We have also shown that
some motile cyanobacteria have a lifesaving escape response to UV exposure by
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the unicellular algae of the rhodophytan order Cyanidiales, a group of a few
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Throughout the last 25 years, Castenholz has also been trying (with others)
to unravel the extremely disordered and complex taxonomy of cyanobacteria and
was heavily involved in writing and editing the cyanobacterial sections in two edi-
tions of Bergey’s Manual of Systematic Bacteriology (1989 and 2001).

He has also been honored several times (e.g., J.S. Guggenheim Fellow,
1970-71; Fulbright Scholar, 1977-78; Fellow, AAAS; Trustee, Bergey’s Manual
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PREFACE

This volume, number 11 in the series of “COLE” (Cellular Origins, Life in
Extreme Habitats and Astrobiology, see: www.springer.com/series/5775), deals
with algae growing at the edge of life under extreme conditions. It contains over
40 chapters contributed by 50 authors from 17 countries.

Photosynthetic microorganisms such algae (including cyanobacteria)
occupy most environments on Earth that are illuminated with visible light.
Among these habitats are several places which are, from the anthropocentric view,
inhospitable and different from the “normal” places. The microbes occurring in
those environments are referred to as “extremophiles.” We could assume that
those extremophiles regard their harsh habitats as an oasis or a paradise. Not only
bacteria and Archaea, which are known to be flexible and may occupy almost
every niche and cope with severe habitats, but also algae are among the
extremophiles. Extremophiles are classified into various categories according to
the “extreme” character of their environments, such as very high or very low tem-
peratures limit, pH values, salinity, dryness, high concentration of heavy metals,
very high or low levels of radiation, especially ultraviolet radiation, and to a cer-
tain extent anaerobic environments.

Thermophiles, organisms that love elevated temperature levels, grow in hot
environments such as hot springs. The highest temperature for algae is in the
upper 50°Cs and for the cyanobacteria close to 70°Cs. At the lower temperature
scale are the cold lovers (psychrophiles) growing in geographical regions such as
in the Arctic, Antarctica, and the permafrost of Siberia. They tolerate low tem-
peratures as long as the internal cytosol is not damaged from freezing ice inside
the cells. Their cellular membranes protect their internal content by selective per-
meability, and in some cases the cells produce compounds to provide an
“antifreeze” effect. Among the eukaryotic algae are the ice Chlorophytes (green
algae) which “paint” ice in various colors.

Algae also grow in alkaline or acidic media. The alkaliphiles occur at higher
ranges of pH as in the soda lake in Africa, while the acidophiles thrive in acidic
media at the lower ranges of pH scale. They occur, for example, in acidic hot
springs and abandoned coal mines. Among the acidophiles are eukaryotic algae
such as Cyanidium caldarium, Galdiera sulfuraria, and certain diatoms. Other
algae, the halophiles, may be found in high salinity, which include the eukaryotic
alga Dunaliella salina, some diatoms, and to a certain extent also Galdiera sul-
phuraria could be regarded as halotolerant. Extensive research has been carried
out with the halophiles, growing in media of high salt solution (up to saturation).
Some halophilic algae synthesize and accumulate organic compounds in their
cytosol, such as glycerol. These compounds balance internal-external osmotic
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pressure and prevent plasmolysis from occurring. Fewer algae have been observed
growing at depths where hydrostatic pressure could be a factor, but where there is
still minimal light availability.

Some environments are characterized by more than one extreme factor. The
microbes dwelling in those habitats are referred to as poly-extremophiles. Higher
temperature may go together with acidic media (which is the habitat of ther-
moacidophilic microorganisms); hot or cold environments are often exposed to
UV irradiation (occurring in such places are xerophilic algae and cyanobacteria;
observed in the deserts or near the polar regions), likewise, high temperatures and
high pH levels occur in salinity areas.

These extremophiles can provide important answers to the ecology and bio-
chemistry and lead to biotechnological applications and industrial aspects.
Furthermore, understanding of the diversity of algal life in various environments
is vital also for the study of the origin and evolution of life on Earth. They thrived
in conditions which are probably similar to the current extreme habitats, and it is
well possible that similar phototrophs also live elsewhere in the universe.

The Hebrew University of Jerusalem Joseph Seckbach
E-mail: seckbach@huji.ac.il
December 2006
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INTRODUCTION TO THE ALGAL WORLD

If you leave a glass of water near the window, after a while you may notice
changes in color and clarity of the water. If you then examine a sample of the
water under a light microscope you will see a beautiful, marvelous microscopic
world unfold. Microalgae are everywhere! They occupy virtually every habitat
including those with extreme conditions. Many microalgae live in extremely hot
environments (>70°C) such as deserts and the outflow of geothermal springs.
They can live in the Dead Sea, where salt concentrations are seven times that of
the oceans, and in highly acidic or extremely alkaline conditions. They can even
live in snow!

Such extreme environments may be either their optimum niche, or be “lim-
iting” to their growth. A sudden change in environment parameters generally
induces two kinds of response in microalgae: changes in their metabolism and
biochemical composition, and/or changes in their morphological structure. In
addition, some taxa may change the stage in their life cycle (a common seasonal
variation for many phytoplankton species). For instance, the alga Haematococcus
forms green vegetative cells with two flagella that grow autotrophically in the light
and heterotrophically in the dark. Environmental stressors, including high light,
increased salinity, or shortage of nutrients such as nitrogen, induce encystment.
The cells change their morphology and life stage. They lose their flagella and
become spherical. Their protoplast is enveloped within a closely adherent palmel-
lar membrane; cells increase their volume and start to produce the secondary
carotenoid astaxanthin. This is a naturally occurring carotenoid, which provides
a wide range of antioxidant benefits protecting cell membranes and other sensi-
tive structures against free radical attack.

Microalgae can produce more than 100 different carotenoids, with compa-
rable structural diversity. Primary carotenoids are generally synthesized under
optimal growth conditions whilst the production of secondary (keto) carotenoids,
located outside the chloroplasts, is often enhanced under stress conditions. The
composition and content of ketocarotenoids vary depending on the alga.

Haematococcus and Dunaliella are the two main organisms employed in the
commercial manufacture of algal carotenoids, producing astaxanthin and
B-carotene, respectively. Like Haematococcus, Dunaliella produces carotenoids
when subjected to stress conditions. Under elevated salt concentrations, cells lose
their flagella, become surrounded by mucus, and form resistant cysts. Dunaliella
is the most halotolerant eukaryotic organism, and is capable of living under salt
concentrations ranging from 0.1 to 4 M NaCl. To cope with this wide range of
osmotic potentials it employs a unique osmoregulatory mechanism changing its
cellular glycerol concentration. It naturally grows in hypersaline lakes or lagoons
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with low nitrogen concentration exposed to high solar irradiation. In these
stressful conditions, Dunaliella may produce more than 12% of its dry weight as
B-carotene. B-Carotene is a pro-vitamin A carotenoid and a natural antioxidant,
which has been used as food and animal feed additive and cosmetic ingredient.

In addition, microalgae are also a source of a wide range of fats, oils, hydro-
carbons, and sterols. Many of these metabolites have the potential to be used
either for biodiesel production or pharmaceutical applications. The lipid synthe-
sis pathways in algae are similar to those found in higher plants. However, there
are some differences. Thus, exposure to stress conditions causes variations in the
fatty-acid composition of the oils in algae, and lipid synthesis by algae continues,
in spite of the reduction in photosynthetic activity observed under stress condi-
tions. Nitrogen limitation stress has the greatest influence on lipid storage of
algae. Limitation of other key nutrients, for instance silica starvation in diatoms,
may also result in increased lipid content. In contrast, some microalgae such as
Dunaliella and Tetraselmis respond to stress conditions by decreasing their lipid
content and producing carbohydrates. Thus, as for commercial carotenoid pro-
duction, knowledge on the fundamental responses of individual taxa to extreme
stresses is the key to the success of any future commercial production processes.

Many cyanobacteria have the ability to fix atmospheric nitrogen. Nitrogen
fixation of cyanobacteria is catalyzed by the enzyme nitrogenase, which is sensitive
to oxygen and is irreversibly inactivated in the presence of free oxygen. Some taxa
have evolved heterocysts (special thick-walled cells that protect nitrogenase against
damage from oxygen); however, there appears to be no universal system to protect
the enzyme complex from both atmospheric and intracellular sources of oxygen in
non-heterocystous cyanobacteria. During cyanobacterial evolution, it seems rea-
sonable to assume that nitrogen fixation preceded oxygenic photosynthesis. After
the evolution of this event, in the Precambrian period, the atmospheric oxygen
level started to rise. It is clear that environmental perturbations and their associ-
ated stress induction have acted as a major stimulus to the evolution of stress.

This book highlights a number of examples of microalgae surviving, or even
thriving, in extreme niches, and the mechanisms they have evolved that allow
them to cope with the stresses to which they are subjected.

To paraphrase William Shakespeare:

To survive, or not to survive

To evolve, or not to evolve

To be, or not to be: These are the questions . . .

I congratulate the editor, Prof. Joseph Seckbach, and the authors of “Algae and
Cyanobacteria in Extreme Environments.” I'm sure this book will be a guide
source in this exciting field.

Ege University Bioengineering Department Meltem Conk Dalay
Izmir, Turkey
December 2006
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