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Preface

An introduction into the state of the art

Over 15 years have elapsed since the previous Handbook addressing mass
cultivation of microalgae (CRC Press, 1986) was published. At that time, it
was already evident that the original concept viewing microalgae as a future
agricultural commodity for solving world nutrition needs has no basis in
reality. Photosynthetic efficiency in strong sunlight falls far short of the
theoretical potential resulting in low yields which are the major culprits for
the forbiddingly high production cost of algal cell mass. Economically, there-
fore, outdoor cultivation of photoautotrophic cell mass is inferior to conven-
tional production of commodities such as grains or soybeans. At this stage of
our experience with mass production of photoautotrophic microalgae, it is
indeed evident that certain very ambitious roles that have been suggested for
large-scale microalgaeculture – e.g. reduction of global carbon dioxide using
large areas of unlined, minimally mixed open raceways – are unrealistic,
being based on unfounded assumptions concerning, in particular, mainten-
ance costs and the expected long-term productivity. Notwithstanding,
schemes for local reduction of carbon and nitrogen emissions from, e.g.
power plants, using intensive microalgal cultures in efficient photobioreac-
tors, may have economic prospects based on winning valuable environmental
credits for the polluting industry and provided such environmental treat-
ments are, in effect, subsidised by State laws in which strict demands for
reducing combustion gases within a definite period are imposed.

Similarly, the grand idea of using algal systems for the sole purpose of
industrial energy production, such as hydrogen or methane (unlike the bac-
terial–algal systems meant to produce these chemical energies coupled to
processes of waste clearance), is simply unrealistic: Technologies by which
to harness solar energy, e.g. wind machines, photovoltaic systems or a whole
array of solar collectors, are much closer to becoming an ongoing economic
reality than microalgal cultures bent on producing, with dismal efficiency,
bio-hydrogen.

One unique grand scheme, however, sea nourishment to augment phyto-
plankton growth, is worthy of critical examination. Several land and ocean
areas on our planet are exhibiting low productivity due to lack of factors
required for plant growth and large ocean expanses are essentially barren due
to an acute shortage of some mineral element, e.g. nitrogen or iron. The
productivity of such desert oceans could be readily improved by a small,
judicious addition of the growth-limiting factor and, there are experimental
indications showing this idea to be feasible. The growing world population in
certain areas of this planet mandates urgent efforts to achieve a substantial
increase in local food production, and barren oceans may be regarded as an
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extension of land in which rather extreme manipulations of the natural
environment for the purpose of food production have been acceptable for
years. Such schemes naturally arouse intense criticism based on fears of
evoking unknown deleterious environmental consequences. Nevertheless,
adding small amounts of a growth-limiting nutrient to desert oceans carries
the prospects of benefitting from both carbon dioxide sequestration and fish
productivity. A reassuring aspect of this scheme rests on the fact that ocean
nourishment may be quickly modified or altogether stopped if the results are
judged to bring about negative environmental consequences.

A development which may soon lead to massive production scale of
microalgae stems from the fact that production of heterotrophic microalgae
has significant economic advantages over photoautotrophic production. The
recent successful attempts to convert the trophic level of strictly autotrophic
species (e.g. Porphyridium cruentum) into that of heterotrophic producers
represent, therefore, a landmark in microalgal biotechnology. It is conceiv-
able that once efficient trophic conversions become readily available for
practical use, several photoautrotrophic microalgae will be grown commer-
cially in very much the same simple and effective mode by which bacteria,
yeast or fungi are commercially produced. Indeed, if the requirement for light
is eliminated, microalgae could be grown in accurately controlled, very large-
culture vessels of a few hundred thousands liters, holding cell densities higher
by about two orders of magnitude above the optimal for an open raceway.
A cut of perhaps one order of magnitude in the cost of production, compared
with that of photoautrotrophic microalgae, has thus been envisioned.

Presently, the most important endeavor unfolding in commercial micro-
algaculture is the use of heterotrophic microalgae for a whole line of new
products to supplement animal and aquacultural feed, as well as human
nutrition. The first production lines so far developed by MARTEK, USA,
concerns long chained polyunsaturated fatty acids (PUFAs), mainly docosa-
hexaenoic acid (DHA). Soon to follow will probably be production facilities
of microalgal feed for animal husbandry, particularly for aquaculture. It is
significant that the first truly large-scale industrial production of microalgae
in a photobioreactor, the 700 000 l tubular reactor (divided into some 20
subunits), constructed and run by IGV Ltd in Germany which is producing
Chlorella as a food additive for poultry, is based on a mixotrophic mode of
nutrition.

Is then the strictly photoautotrophic production mode in commercial
microalgaculture on the verge of phasing out? Despite the imminent
onslaught of trophic conversions of several microalgal species, which would
to some extent undermine phototrophic production, photoautotrophic micro-
algae do have a rather safe future for several specific purposes, most
prominent of which are in aquaculture, bioactive compounds, water clear-
ance for a sustainable environment as well as fresh water supplies, nutraceu-
ticals regarded as healthfood and finally, as a basic human food.

Since most artificial substitutes are inferior to live microalgae as feed for
the critical stages in the life cycles of several aquacultural species, a growing
demand for microalgae will go hand in hand with the expected growth of
aquaculture throughout the world. Presently, most aquacultural enterprises
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produce (albeit with only limited success in many cases) their own supply of
microalgae. Since the algal cultures can be often fed directly to the feeding
animals, eliminating thereby the necessity for harvesting and processing, such
rather small scale on-site production makes economic sense. Centralized
microalgal facilities which sell (for a high price) frozen pastes or highly
concentrated refrigerated stock cultures cover at present only a small part
of the aquacultural demand for live microalgae. Once heterotrophic produc-
tion is established and inexpensive microalgal feed becomes widely available,
it seems certain that centralized production of microalgae for aquaculture
will receive a strong impetus. Nevertheless, costs of local, in situ production
of microalgae could be greatly reduced through improved implementation of
practical know-how in mass cultivation giving cause to expect that on-site
production of photoautotrophic microalgae carried out presently in many
hatcheries, will at least to some extent, maintain its ground.

Wastewater clearance represents another important niche in which photo-
autotrophic microalgae are prominent. Using photosynthetic microalgae to
take up the oxidized minerals released by bacterial action and, in turn, enrich
the water with oxygen to promote an aerobic environment and reduce
pathogens, makes good practical sense and could be well used in suitable
locations the worldover. An interesting and promising variation on this
general theme may be seen in land-based integrated systems, in which micro-
algae together with bacteria play a role in clearing aquacultural wastes,
becoming in turn feed for herbivores and filter-feeders. These systems well
integrate with the environment and will probably become widespread in
favorable locations the world over.

Ever since the inception of commercial mass cultivation of microalgae in
the early 1950s, the mainstream of product development has been diverted to
the nutraceutical and health food, markets. There are good reasons to believe
this trend will continue, considering the growing economic affluence the
world over as well as the growing interest in the western world in vegetarian
eating modes. The collection of pills and powders made from Chlorella,
Spirulina (or Arthrospira) and Dunaliella is being enriched by a promising
newcomer, Haematococcus pluvialis. Originally meant to produce the carot-
enoid Astaxanthine for fish and shrimp pigmentation, astaxanthine was
discovered to be an outstanding antioxidant with antiaging potential, so the
present primary production target is focused on the usual nutraceutical
venue.

Concerning this trend, it is my opinion that a gross mistake has been made
by the microalgal industry in focusing all marketing efforts on health foods
and the like. It is a lucrative market, but is naturally rather small and cannot
stir a large demand for microalgae. This marketing focus may be as culpable
in impeding progress of industrial-scale microalgal culture, as high produc-
tion costs, by curbing potential demand. It is an erroneous approach in that
it overlooks the fact that several microalgae (such as Spirulina, Chlorella,
Dunaliella, as well as other species such as Scenedesmus) when correctly
processed have an attractive or piquant taste and could be thus well incorp-
orated into many types of human foods, greatly expanding demand for
microalgae. I thus believe the microalgal industry would much benefit from
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a closer interaction with the food industry, employing food technology
methods to create a myriad of possible new food products. Incorporating
suitably processed microalgae into nearly all food categories would add not
only nutritional value, but also new, unique and attractive tastes to such food
items as pasta, pretzels, potato and corn chips, soup mix and seasonings, an
assortment of dairy products, and even an assortment of candies, and ice-
creams, to mention but a few obvious possibilities.

Much effort has been expended on the search for new compounds of
therapeutic potential, demonstrated in microalgae of all classes, possessing
antibacterial, antifungal and anticancer activities. Indeed, there are many
promising prospects for new chemicals reported in recent years, the most
prominent of which are carotenoids of nutritional and medical values, new
polysaccharides and radical scavengers, as well as a whole array of unique
chemicals in cyanobacteria, and in the vast diversity of marine microalgae.
Considering the untapped resources with which it may be possible to enrich
the pharmaceutical arsenal, it seems safe to predict that the search for
photoautotrophic microalgal gold mines will continue for years to come.
The prospects for generating bioactive products using photoautotrophic
cultures, however, would unfold only if alternative sources, i.e. an inexpen-
sive heterotrophic production mode or chemical synthesis of the active sub-
stances, will not present a more economically attractive venue.

Photobioreactor design was the subject of much research in recent years,
yet little real progress was accomplished. Meaningful improvements in this
field would no doubt strengthen the economic basis of commercial photo-
autotrophy by reducing production costs. The tubular design seems to have
gained popularity at present, yet it is questionable whether it represents the
optimal design for strictly photoautotrophic production. Small tube diam-
eters do not go hand in hand with very high cell densities, for which fast,
turbulent flows are strictly mandatory. Flat plate reactors (without alveoli),
which facilitate cultures of very high cell densities devoid of oxygen accumu-
lation in greatly reduced optical paths together with the required turbulent
streaming, may be readily scaled-up. Well suited for utilizing strong light,
plate reactors offer hope for obtaining a significant increase in productivity
of cell mass, once the growth-physiology of very high cell concentrations
(mandatory for efficient use of strong light) will be sufficiently understood,
so as to prevent or control the growth-inhibition effects, which unfold in
cultures of ultra-high cell densities, barring at present industrial use of such
cultures.

It is well to note that the type of reactor used has a profound effect on the
cost of production of cell mass and cell products, considering the investment,
as well as the running costs. Much of the future of the photoautotrophic
mode of production depends on success in greatly reducing these costs. The
rather simple, less expensive techniques involved in mass production in open
tanks and raceways have, under certain circumstances, advantages in this
respect, well seen in many hatcheries as well as commercial plants. Most algal
species, however, cannot be long maintained as continuous, monoalgal cul-
tures in open systems, which in addition may not be suitable for general use
as human food.
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Some 50 years of experience, the world over, with microalgal mass cultures
have witnessed an exciting canvass of successes as well as some failures
reflected in this Handbook to which leading authorities in their respect-
ive fields have contributed. The accomplishments, during this period, in
addressing the various aspects of mass microalgal production seem somewhat
overshadowed by the outstanding achievements the pioneers of this biotech-
nology who were active in the ’50 and ’60, had attained in laying out, with
great intuition, the basic physiological principles involved in mass cultivation
of photoautotrophic microalgae outdoors.

It is, therefore, somewhat surprising that an output rate of some 70 g dry
cell mass m2 (ground) day�1 was envisioned at that time as a practical goal
for open systems which could be well reached and surpassed. This daily
output rate of protein-rich cell mass represents an annual yield of some
250 t ha�1, i.e. several times that of any agricultural commodity. Such
expectations were, in effect, translated into a firmly held premise, enthusias-
tically perceiving outdoor mass cultivation of microalgae as a means by
which to avert hunger in a fast growing humanity. Today, this prospect is
justifiably regarded as nothing but a dream.

Were the early pioneers, then, completely wrong? This is not as easy to
answer as it may seem, for the future will unfold possibilities that presently
border on sheer fantasy. The methodology of genetic engineering which
already facilitates such feats as effective trophic conversions and combating
Malaria by use of microalgae incorporated with bacterial toxins lethal to the
mosquito larvae, are but the harbingers of vast future opportunities in micro-
algal culture. The future could well see greatly improved, fast-growing
microalgal species with significantly improved capabilities to carry out effect-
ive photosynthesis utilizing strong sunlight, and photoautotrophic microalgal
culture may yet become an economic alternative for provision of food and
feed in the sunny, more arid, parts of our planet.

Amos Richmond
Ben-Gurion University Blaustein Desert Research Institute

Sede Boker Campus
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1 The Microalgal Cell
Luisa Tomaselli

1.1 What is the meaning of microalgae in applied algology?

Phycologists regard any organisms with chlorophyll a and a thallus not
differentiated into roots, stem and leaves to be an alga (Lee, 1989). Cyano-
bacteria are included in this definition, even though they are prokaryotic
organisms. Therefore, in applied phycology the term microalgae refers to the
microscopic algae sensu stricto, and the oxygenic photosynthetic bacteria, i.e.
the cyanobacteria, formerly known as Cyanophyceae.

The interest for these two groups of phototrophic organisms lies in their
potential utilization, in a similar way to heterotrophic microorganisms, to
produce biomass for food, feed and fine chemicals, using solar energy. The
origins of applied phycology most probably date back to the establishment of
a culture of Chlorella by Beijerinck (1890). Even today Chlorella takes up the
first place in the commercial use of these microorganisms.

Microalgae are found all over the world. They are mainly distributed in the
waters, but are also found on the surface of all type of soils. Although they
are generally free-living, a certain number of microalgae live in symbiotic
association with a variety of other organisms.

1.2 Structural and morphological features of microalgae

1.2.1 Microscopy: examining fresh material; making permanent slides

Examination of fresh material can be directly performed on a drop of liquid
sample, or after the solid sample has been mixed with distilled water or saline
solution. In presence of motile cells the sample should be mixed with a weak
acid, such as acetic acid. Settling, centrifugation or filtration can be used to
concentrate the living or preserved material. To minimize changes in the com-
position of the samples after collection, fixation using formaldehyde, Lugol’s
solution and glutaraldehyde should be carried out quickly, or the sample should
be cooled and stored in total darkness to ensure a low activity rate.

Permanent slides can be simply prepared, placing the cell suspension on
a coverslip and drying over gentle heat. The sample is then inverted onto a slide
with a mounting medium of suitable refractive index. Canada Balsam is
commonly used (Reid, 1978). Sometimes the removal of free water from
the cells requires dehydration procedures, which are carried out using grad-
ually increasing concentrations of an alcohol series. Staining techniques are
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used to distinguishing some special features, such as sheath and specific
organelles (Clark, 1973). Finally, the coverslip with the sample in the mount-
ing medium is sealed to a glass slide usually using clear nail polish.

1.2.2 Types of cell organization: unicellular flagellate, unicellular
non-flagellate (motile, nonmotile); colonial flagellate, colonial
non-flagellate; filamentous (unbranched, branched)

Microalgae may have different types of cell organization: unicellular, colo-
nial and filamentous. Most of the unicellular cyanobacteria are nonmotile,
but gliding and swimming motility may occur. Baeocytes, cells arising from
multiple fission of a parental cell, may have a gliding motility. Swimming
motility occurs in a Synechococcus sp., even if flagella are not known.
Unicellular microalgae may or may not be motile. In motile forms, motility
is essentially due to the presence of flagella. The movement by the secretion of
mucilage is more unusual. Gametes and zoospores are generally flagellate and
motile. Some pennate diatoms have a type of gliding motility, as well as the
red alga Porphyridium and a few green algae.

Cyanobacteria with colonial cell organization have nonmotile colonies
(e.g.Gloeocapsa). In microalgae motile flagellate cells may aggregate to form
motile (e.g. Volvox) or nonmotile colonies (e.g.Gloeocystis). Nonmotile cells
may be organized into coenobic forms with a fixed number of cells in the
colony (e.g. Scenedesmus), or into non-coenobic forms with a variable number
of cells (e.g. Pediastrum). Many filamentous cyanobacteria may have gliding
motility often accompanied by rotation and by creeping (e.g. Oscillatoria),
but others may be motile at the stage of hormogonia (e.g. Nostoc). Micro-
algae, with unbranched or branched filamentous cell organization are
nonmotile, zoospores and gametes excepted. Siphonaceous and parenchymatous
cell organization occur mostly in macroalgae.

1.2.3 Cellular organization: prokaryotic; eukaryotic:
uninucleate, multinucleate (coenocytic)

The DNA of prokaryotic Cyanobacteria and Prochlorophytes is not organ-
ized in chromosomes, lies free in the cytoplasm together with the photo-
synthetic membranes, and is not surrounded by a membrane. Moreover,
the prokaryotes have no membrane-bounded organelles (Fig. 1.1). The
eukaryotic microalgae possess a true membrane-bounded nucleus, which
contains the major part of the genome distributed on a set of chromosomes,
and the nucleolus. They have cytoplasm divided into compartments and
membrane-bounded organelles (Golgi body, mitochondria, endoplasmic
reticulum, vacuoles, centrioles and plastids) devoted to specific functions
(Fig. 1.2). Many microalgae are uninucleate, those with multinucleate cellu-
lar organization (coenocytic) usually have a peripheric cytoplasm containing
nuclei and chloroplasts, which are the most important plastids.
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1.2.4 Colony features: orderly (e.g. netted) or random; shape
and investments

Different shapes of colonial organization occur: flat, spherical, cubic,
palmelloid, dendroid, flagellate, and non-flagellate. The cells are held
together by an amorphous (e.g. Microcystis) or microfibrillar polysacchar-
ide envelope (e.g. Gloeothece). Inside the colony the cells may be orderly
or irregularly arranged in the mucilage (e.g. Microcystis). Both colonies
with orderly (e.g. Pediastrum) and irregularly arranged cells (e.g. Palmella)
occur in microalgae. Moreover, nonmotile (e.g. Coelastrum) and motile
colonies formed of flagellate cells, embedded in a mucilage, are common
(e.g. Gonium). The polysaccharide investment may be amorphous or lamin-
ated with a microfibrillar structure; depending on its consistency, it may be
called sheath, glycocalyx, capsule, or slime. Cyanobacteria sheaths may con-
tain pigments functioning as sun-screen compounds (Garcia-Pichel
et al., 1992), or UV-A/B-absorbing mycosporine-like amino acids (Ehling-
Schulz et al., 1997). Capsule and slime envelopes are particularly abundant
in many species (Cyanospira capsulata).
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Fig. 1.1. Electron micrograph of a dividing cell of Synechococcus sp. in longitudinal section.
Abbreviations: cw – cell wall, t – thylakoids, cs – carboxysomes, n – nucleoplasm with DNA fibrils.
Scale ¼ 0:5 mm (Courtesy of M.R. Palandri).
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1.2.5 Morphological adaptation: specialized cells (spores, heterocysts,
hormogonia), pili, flagella, light shielding and flotation structures

Specialized cells as akinetes, heterocysts, hormogonia, and pili or fimbriae
occur in many cyanobacteria. Akinetes, or spores, are cells with thick walls
and granular content, which originate from vegetative cells under unfavour-
able conditions and germinate when favourable conditions for growth are
restored. Heterocysts are unique cells where nitrogen fixation takes place.
They have thick wall and rarefied cytoplasm, characterized by two polar
nodules of cyanophycin. Hormogonia are short trichome pieces or develop-
ment stage of filamentous cyanobacteria. They usually have gliding motility,
smaller cell size, and/or gasvacuolation. Gas vacuoles are specific subcellullar
inclusions that appear highly refractile in the light microscope. They are
composed of elongated gas vesicles with pointed ends, which may function
in light shielding and/or buoyancy. Pili or fimbriae are non-flagellar protein-
aceous appendages protruding from the cell wall.

Spores and flagella may occur in microalgae. The spores, or resting cells, have
thick walls and like akinetes are formed under unfavourable conditions. Resting
cells of Botryococcus brauniimay accumulate in the cell wall, a hydrocarbon up
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Fig. 1.2. Electron micrograph of a cell of Chlorella vulgaris in longitudinal section. Abbreviations:
cw – cell wall, ch – cup shaped chloroplast, t – thylakoids, st – starch grains (leucoplasts),
n – nucleus, nl – nucleolus, m – mitochondria. Scale ¼ 1mm (Courtesy of M.A. Favali).
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to 70% of its dry weight (Knights et al., 1970). Flagella are locomotory organs
with a complex structure consisting of an axoneme of nine peripheral double
microtubules surrounding two central microtubules; the whole structure is
enclosed by the plasma membrane. The flagella may be smooth or hairy, and
are inserted in the outer layer of the cytoplasm via a basal body.

1.3 Ultrastructure and cell division

1.3.1 Prokaryotes

1.3.1.1 Cell wall

Cyanobacteria and Prochlorophytes have a four layered cell wall which is
of the Gram-negative type; the structural part consists of a murein (peptido-
glycan) layer, outside which there is a lipopolysaccharide layer. The high
digestibility of cyanobacteria cells, due to the lack of cellulose, unlike the
majority of algae, facilitates their use for human consumption (e.g. Spirulina –
health food). Mucilaginous envelopes may surround the cell wall (sheaths,
glycocalix, capsule or slime). The cell wall may be perforated by small pores
and may also have appendages such as fimbriae and pili.

1.3.1.2 Plasma membrane

Beneath the cell wall there is the plasma membrane, or plasmalemma. It is
a thin unit membrane of about 8 nm thickness.

1.3.1.3 Thylakoid arrangement

Thylakoids are the most evident membrane system occurring in the cyano-
bacterial cell; they lie free in the cytoplasm and contain the photosynthetic
apparatus. Thylakoids appear as flattened sacs showing phycobilisomes
attached to the protoplasmic surface in regularly spaced rows. The phycobili-
somes contain the phycobiliproteins that are widely used as fluorescent tags
(Glazer, 1999); phycocyanin from Arthrospira is commercialized as natural
pigment (linablue). Thylakoids may be arranged in concentric rings, in par-
allel bundles, dispersed, etc. They are not present in Gloeobacter, which
possesses only a peripheral row of phycobilisomes. Phycobilisomes are absent
in the prochlorophytes, which possess an extensive membrane system with
stacked thylakoids.

1.3.1.4 Cell inclusions

The most common cell inclusions of cyanobacteria are the glycogen granules,
cyanophycin granules, carboxysomes, polyphosphate granules, lipid droplets,
gas vacuoles, and ribosomes. The glycogen granules (a-1,4-linked glucan)
lie between the thylakoids and represent a reserve material, such as the
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cyanophycin granules, polymer of arginine and aspartic acid. Carboxysomes,
containing the enzyme ribulose 1,5-bisphosphate carboxylase-oxygenase,
lie in the central cytoplasm. Poly-hydroxybutyrate granules, appearing as
empty holes, represent unusual inclusions and a potential source of natural
biodegradable thermoplastic polymers (Suzuki et al., 1996). Ribosomes
are distributed throughout the cytoplasm. In the planktonic forms there
are gas vacuoles.

1.3.1.5 Cell division

Cell division may occur through binary fission, with constriction of all the wall
layers that grow inward, or invagination of the plasma membrane and peptido-
glycan layer without involvement of the outer membrane. Cell division may also
occur by multiple fission leading to the formation of baeocytes. A very particular
type of cell division, similar to budding, occurs in Chamaesiphon. Cyanobacteria
also reproduce by fragmentation (hormogonia). Moreover, some filamentous
genera produce akinetes. Although the cyanobacteria have no evident sexual
reproduction, genetic recombination by transformation or conjugationmay occur.

1.3.2 Eukaryotes

1.3.2.1 Cell wall, outer investments

A microfibrillar layer of cellulose, which may be surrounded by an amorph-
ous layer, generally composes the microalgal cell wall. The cell wall is
secreted by the Golgi apparatus. It may be silicified or calcified, and it may be
strengthened with plates and scales. Some species are naked, lacking the cell
wall. Outside the outer amorphous layer there may occur a laminated poly-
saccharide investment. The nature of the outer cell wall layers supports
polysaccharide production (alginates, agar and carrageenans) from various
macro algae as well as from the microalga Porphyridium (Arad, 1999).

1.3.2.2 Plasma membrane, periplast, pellicle

The plasma membrane is a thin unit membrane that bounds the cytoplasm.
The Chryptophyta do not possess a cell wall but there is an outer cell wall
covering the cytoplasm, called periplast. In the Euglenophyta the protein-
aceous outer covering is called pellicle.

1.3.2.3 Cytoplasm, nucleus, organelles

The cytoplasm contains the nucleus and different kinds of organelles and
compartments formed by invagination of the plasma membrane and endo-
plasmic reticulum. Among the organelles there are: chloroplast, Golgi appar-
atus, endoplasmic reticulum, ribosomes, mitochondria, vacuoles, contractile
vacuoles, plastids, lipid globules, flagella, and microtubules. Chloroplast and
cytoplasmic lipids represent an important source of polyunsaturated fatty
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acids, such as eicosapentaenoic, docosahexaenoic and arachidonic acids
(Pohl, 1982). The nucleus is bounded by a double nuclear membrane; it
contains the nucleolus and several DNA molecules distributed among the
chromosomes, and undergoes division by mitosis.

1.3.2.4 Chloroplast

The chloroplast contains a series of flattened vesicles, or thylakoids, contain-
ing the chlorophylls, and a surrounding matrix, or stroma. Thylakoids also
contain phycobiliproteins in phycobilisomes in the Rhodophyta, whereas in
the Cryptophyta the phycobiliproteins are dispersed within the thylakoids.
Thylakoids can be free or grouped in bands. Pyrenoids can occur within
chloroplasts. In many motile forms there is an orange-red eyespot, or stigma,
made of lipid globules. A double membrane envelops the chloroplast; in some
algal division besides this double membrane one or two membranes of
endoplasmic reticulum are present.

1.3.2.5 Cell division and reproduction

Vegetative reproduction by cell division is widespread in the algae and
related, in many species, to an increase in cell or colony size. Other types of
asexual reproduction occur by fragmentation and by production of spores,
named zoospores if flagellate and aplanospores or hypnospores if non-
flagellate. Autospores are also produced by various algae and are like
aplanospores lacking the ontogenetic capacity for motility.

Although sexual reproduction occurs in the life-history of most of the
species, it is not a universal feature in algae. It involves the combination of
gametes, often having different morphology and dimension, from two organ-
isms of the same species (isogamy, anisogamy or oogamy). Five schematic
types of life-histories are recognizable: (i) predominantly diploid life history
with meiosis occurring before the formation of gametes (haploid part of life
cycle); (ii) predominantly haploid life history with meiosis occurring when
the zygote germinates (zygote only diploid part of life cycle); (iii) isomorphic
alternation of generation (alternation of haploid gametophytic plants bearing
gametes with diploid sporophytic plants bearing spores); (iv) heteromorphic
alternation of generations (alternation of small haploid plants bearing
gametes with large diploid plants bearing spores, or large haploid plants
alternating with smaller diploid plants); (v) triphasic life cycle, in red algae,
consisting of haploid gametophyte, diploid carposporophyte and diploid
tetrasporophyte.

1.4 Cell growth and development

1.4.1 Cell growth

Growth is defined as an increase in living substance, usually the number of
cells for unicellular microoganisms or total mass of cells for multicellular
organisms. The most used parameter to measure change in cell number or cell
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mass per unit time is the growth rate. Cell growth is treated in detail else-
where in this volume (Chapter 4).

1.4.2 Cell cycle

In unicellular microalgae the cell size generally doubles and then the cell
divides into two daughter cells which will then increase in size. The cell cycle
in eukaryotic algae involves two phases: mitosis and interphase. During the
interphase the cell grows and all cellular constituents increase in number so
that each daughter cell will receive a complete set of the replicated DNA
molecule and sufficient copies of all other constituents and organelles. During
the mitosis the nuclear division occurs.

1.4.3 Cell decline

Microbial growth is influenced by several chemical and physical conditions. As
the substrate concentration or other factors become limiting, or toxic metab-
olites accumulate, the growth rate decreases. In this growth phase, the pro-
duction of secondary metabolites often takes place. As long as there is
consumption of storage material the organism remains viable. When energy
is no longer produced for cell maintenance, the cell declines and finally dies. In
some cases this process is accompanied by the formation of a few spores or
similar structures, which may survive and overcome adverse conditions giving
rise to new individuals when favourable conditions are resumed.

1.5 Microalgal systematics

1.5.1 Principles of classification

Traditionally algae have been classified according to their colour and this
characteristic continues to be of a certain importance. The current systems of
classification of algae are based on the following main criteria: kinds of
pigments, chemical nature of storage products and cell wall constituents.
Additional criteria take into consideration the following cytological and
morphological characters: occurrence of flagellate cells, structure of the
flagella, scheme and path of nuclear and cell division, presence of an envelope
of endoplasmic reticulum around the chloroplast, and possible connection
between the endoplasmic reticulum and the nuclear membrane.

Lee (1989) was one of the first scientists to stress the phylogenetic import-
ance of the additional membranes around the chloroplast envelope. He sep-
arated the algal divisions into four groups. The first group includes the
prokaryotic algae: Cyanobacteria and Prochlorophyta. The other groups are
classified with respect to the evolution of the chloroplast, and include the
eukaryotic algae, which probably acquired the chloroplast along different
evolutionary events. The second group, which includes Glaucophyta, Rhodo-
phyta and Chlorophyta, has the chloroplast surrounded only by two chloro-
plast membranes. The third and fourth group have the chloroplast surrounded
respectively by one (Dinophyta and Euglenophyta) or two additional
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membranes of the endoplasmic reticulum (Cryptophyta, Chrysophyta, Prym-
nesiophyta, Bacillariophyta, Xanthophyta, Eustigmatophyta, Raphidophyta
and Phaeophyta). The phylum Prochlorophyta contains chlorophylls a and b
and, according to Castenholz (2001), the described genera (Prochloron, Pro-
chlorothrix and Prochlorococcus) are included in the phylum Cyanobacteria.

The systematic position of the various algal group has changed many times
over the years. The system of classification proposed by Lee (1989) has been
largely adopted here to give a brief description of some of the divisions that
this author considers.

1.5.2 General description of major Divisions and Classes

1.5.2.1 Prokaryotes

Cyanobacteria (Cyanophyta and Prochlorophyta)
The Cyanophyta and the Prochlorophyta are prokaryotic algae that contain
chlorophyll a. The traditional name of blue-green algae for the Cyano-
phyceae is due to the presence of phycocyanin and phycoerythrin, which usually
mask the chlorophyll pigmentation. The main storage product is glycogen
(a-1,4-linked glucan). Cyanophycin is stored in large structured granules.
Cell wall is composed of peptidoglycan with an external lipopolysaccharide
layer, and it may also have a mucilagineous sheath. The cells may occur
singly or in filaments, unbranched or branched, with uniseriate or multiseriate
arrangment. The cells may aggregate to form colonies, which are surrounded
by a firm or amorphous mucilage. Filaments may have cells differentiated
into heterocysts and/or akinetes. Some planktonic forms can float owing to
the presence of gas vacuoles, and most of the filamentous forms have gliding
motility. The Cyanophyceae have a cosmopolitan distribution and inhabit
marine and freshwater environments, moist soils and rocks, either as free-
living or as symbiotic organisms.

The Prochlorophyta synthesize chlorophyll b in addition to chlorophyll a,
and lack phycobiliproteins and phycobilisomes. Other major differences
concern the morphology of thylakoids, which are paired rather than single,
the synthesis of a starch-like polysaccharide as main storage compound, the
absence of both cyanophycin and gas vacuoles, and the diffuse localization of
DNA through the cytoplasm. They have unicellular or filamentous cell
organization. They occur as free-living organisms in freshwater and marine
habitats, and as symbionts in colonial ascidians.

Microcystis Kützing. Microcystis is a planktonic unicellular cyanobac-
terium that grows in freshwaters. Cells are spherical, 3–6 mm in diameter, and
irregularly arranged in mucilaginous, spherical or irregularly lobed, colonies.
The cells generally have a light refractile appearance due to the presence of
gas vesicles. Cell division occurs by binary fission and reproduction by
disintegration of colonies into single cells or group of cells. At the ultrastruc-
tural level, cells are characterized by thylakoids arranged in short bent or
sinuous bundles running around the cell wall and occupying a large portion
of the cytoplasm (Fig. 1.3). Gas vacuolated Microcystis species may give rise
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to toxic blooms (Watanabe & Oishi, 1982). Like other cyanobacteria, they
may produce toxins, such as microcystins (cyclic peptides) (Carmichael,
1996), which have become a concern for human health.

Arthrospira Stizenberger. Arthrospira is a planktonic filamentous cyanobac-
terium. It has multicellular left-handed helical trichomes, composed of shorter
than broad cells (mean cell diameter 8mm), and shows glidingmotility by rotation
along its axis (Fig. 1.4). Cells have visible cross walls, often masked by numerous
gas vesicles (Fig. 1.5) (Tomaselli, 1997). Multiplication occurs by cell division in
one plane and reproduction by hormogonia formation through trichome breakage
at the sites of a lysing cell (necridium) (Tomaselli et al., 1981). Arthrospira grows
profusely in alkaline lakes of subtropical regions (Vonshak & Tomaselli, 2000).
Arthrospira, the most cultivated phototrophic prokaryote as food supplement, is
also used as a source of feed and fine chemicals (Richmond, 1986), and exploited
as a therapeutic agent (Belay et al., 1993). This genus is currently known under the
name Spirulina, although Arthrospira and Spirulina have been recognized as
separate genera (Castenholz & Waterbury, 1989; Tomaselli et al., 1996).

1.5.2.2 Eukaryotes

Rhodophyta
The class Rhodophyceae, or red algae, includes multicellular and filamentous
forms, whereas unicellular species are less represented. These algae have
chlorophyll a and d, phycobiliproteins (phycoerythrin and phycocyanin),
and floridean starch (a-1,4-linked glucan) as storage products accumulated
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Fig. 1.3. Electron micrograph of a cell of Microcystis sp. in cross-section. Abbreviations: cw – cell
wall, t – thylakoids, n – nucleoplasm, cs – carboxysomes, cy – cyanophycin granule and
ph – poly-hydroxyalkanoate granules. Scale ¼ 0:5mm (Courtesy of M.R. Palandri).
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in the cytoplasm outside the chloroplast. Rhodophyceae lack flagellate cells.
Cell wall is composed of a microfibrillar layer of cellulose or xylan and
amorphous polysaccharidic mucilages (agar or carrageenans). Chloroplasts
contain the thylakoids with phycobilisomes, and pyrenoids.

Red algae represent the majority of seaweeds distributed mostly in temper-
ate and tropical regions. Commercial utilization of red algae concerns the
polysaccharidic mucilages of the cell wall, agar and carrageenan. The red
microalga Porphyridium is an important source of sulphated polysaccharides
(Arad et al., 1985), and of polyunsaturated fatty acids, such as arachidonic
acid (Ahern et al., 1983).

Fig. 1.4. Light micrograph of Arthrospira maxima. Scale ¼ 50mm (Courtesy of C. Sili).
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Fig. 1.5. Electron micrograph of a trichome of Arthrospira maxima in longitudinal section.
Abbreviations: cw – cell wall, s – septa or crosswalls, t – thylakoids,gv –gas vesicles,cs – carboxysome.
Scale ¼ 5 mm (Courtesy of M.R. Palandri).
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