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Preface

Algae is an important group of organisms which are found in a wide range of habi-
tats be it oceans, rivers, fresh water lakes, ponds or brackish water bodies, snow,
barks of the trees, etc. Ranging from a small tiny cell to the Giant Kelp measuring
upto several meters, these group of plants have some unique features which are not
found in any other group of organisms. Algae have both Prokaryotic and Eukaryotic
groups, large varieties of pigment systems, triphasic life cycle, a long evolutionary
history, etc. Algae changed the planet’s atmosphere by producing oxygen thus pav-
ing the way for evolution of life on earth. These tiny organisms not only give us
oxygen to breathe, food to eat, medicines to heal, cosmetics to use but also provide
a lot of information about origin of life. It has been predicted that not only in future
vehicles will run on algal biofuels but also power plants will use algae for carbon
dioxide sequestration. In spite of its huge importance, algae remains a much
neglected subject because of its stereotype boring class room table materials as
“Pond Scum”. Globally, algae is already a multibillion dollar industry employing a
large number of people in various industries and their value are going to increase in
future. Therefore, the purpose of writing and editing this book is not to publish one
more text book in the field of phycology but to give a different type of feelings and
encouragement to our readers and students to understand, feel, and unravel the
beauty and use of this group of organisms differently in different ways.

The Algae World has been carefully written and edited to everyone’s taste start-
ing from a layman to an undergraduate, postgraduate, doctorate, post doctorate stu-
dents or professors, entrepreneurs and industries. The book has been divided into
two parts: the first part “Biology of Algae” contains 10 chapters, which deals with
general characters, classification and different groups of important algae. The sec-
ond part “Applied Phycology” deals with more applied aspects of algae ranging
from algal biotechnology, biofuel, industrial applications, nanotechnology, etc.
These 22 chapters which are contributed by eminent researchers across the world
will be of great interests to all. Editing this book has not been easy. It took us a lot
deal of time and pursuation to prepare this book.

We hope that The Algae World fill up the much needed gap in the field of study
of Algae (Phycology) and we thank all our authors for their timely contributions and
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anonymous reviewers for their critical comments. Last but not the least, we express
our gratitude to Springer’s team especially Ms. Melanie van Overbeek for their kind
cooperation and help in publishing this book.

Delhi, India Dinabandhu Sahoo
Jerusalem, Israel Joseph Seckbach
January 1, 2016
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Part I
Biology of Algae



General Characteristics of Algae

Dinabandhu Sahoo and Pooja Baweja

1 Introduction

Algae are group of plants which are known since ancient civilizations. The term
algae was first introduced by Linnaeus in 1753 and it was A. L. de Jussieu (1789)
who classified the plants and delimited the algae from rest of the plant world to its
present status. They are autotrophic, mostly aquatic and a few are terrestrial. The
plant body ranges from unicellular to multicellular structures with no vasculature
and little differentiation into various tissue systems thus they are referred to as thal-
lophytes lacking true roots, stem and leaves. There can be a single cell as small as 1
p to large seaweeds which can grow up to more than 60 m (Fritsch 1935, 1945).
The branch of botany, dealing with the study of algae is known as
Algology/Phycology (Gr. Phycos — seaweeds and logos — study).

2 Habitat

Algae are a group of ubiquitous organisms which are present in diverse habitats
such as water (aquatic algae), land (terrestrial algae), they also grow as an epiphyte,
endophyte, and as well as in extreme conditions, in other words it can be said that
algae are of universal occurrence (Fig. 1).

D. Sahoo (<)
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Delhi 110007, India

e-mail: dbsahoo @hotmail.com

P. Baweja
Department of Botany, Maitreyi College, University of Delhi, Delhi 110021, India
e-mail: poojabaweja@ gmail.com

© Springer Science+Business Media Dordrecht 2015 3
D. Sahoo, J. Seckbach (eds.), The Algae World, Cellular Origin, Life
in Extreme Habitats and Astrobiology 26, DOI 10.1007/978-94-017-7321-8_1


mailto:dbsahoo@hotmail.com
mailto:poojabaweja@gmail.com

4 D. Sahoo and P. Baweja

Fig. 1 Algae growing in a
pond (Courtesy: Prof.
Dinabandhu Sahoo)

Fig. 2 Algal bloom in
narrow channel of Dal lake
(Kashmir, India)
(Courtesy: Prof.
Dinabandhu Sahoo)

2.1 Agquatic Algae

Predominantly the algae are aquatic and are found in fresh water growing in ponds,
pools, lakes (Fig. 2) , rivers, tanks etc., in brackish water (which is unpalatable for
drinking) as well as marine water (with moderate to very high salinity). The com-
monly found fresh water algae are Nostoc, Oedogonium, Chara, Cladophora, etc.
Fresh water algae have been reported from both tropical (e.g., as Cyclotella sp.,
Orthoseira roeseana, Cocconeis pediculus; Volvox sp., Oedogonium sp., Nostoc sp.,
Microcystis sp. etc.) as well as temperate waters (Pediastrum sp., Fragillaria sp.,
Nitzschia sp.). Fresh water algae based on their habit may be free floating, or
attached to the bottom and may be classified as:

2.1.1 Planktonic Algae

They float freely on the surface of water and can be further differentiated into (a)
Euplanktons: True planktons which are free floating from the beginning and never
getattached to the substratume.g. Volvox, Cosmarium, Microcystis, Chlamydomonas,
Scenedesmus etc. (b) Tychoplanktons: Initially these algae are attached to the sub-
stratum but later they detach and become free floating e.g. Zygnema, Oedogonium,
Cladophora etc.
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Fig. 3 Ulva (a marine
green algae) and other
green sp. growing on rocks
(Courtesy: Prof.
Dinabandhu Sahoo)

2.1.2 Benthic Algae

These algae are bottom dwellers i.e. attached to the bottom of shallow pools. Mostly
they are filamentous or colonial forms and may be unicellular (Fig. 3).

The benthic algae may further be classified as epizoic growing on animal body
surface (Cladophora grows on snail); epilithic attached to stones or rocks (Ulothrix
tenuissima, Tribonema minus, Batrachospermum monilisperme etc.); epipelic
attached to sand and mud (Oedogonium sp, Clostarium sp, Cosmarium sp. etc.) and
epiphytic growing on surface of plants (Vaucheria sp., Ulothrix sp.).

2.1.3 Neustonic Algae

These algae grow at air water interface for e.g. Botrydiopsis (Xanthophyceae),
Chromatophyton (Chlorophyceae), Nautococcus (Chlorococcaceae) etc.

The algae growing in sea water are commonly known as marine algae (seaweeds)
and they may grow in supralittoral, sublittoral or littoral (intertidal or subtidal)
zones.

2.1.4 Supralittoral

These algae grow above the water level and are found growing on the rocky shore
where they are just dampened only by the splashes of high spring tide waves such
as Prasiola stipitata (a green seaweed), Ulothrix flacca etc.

2.1.5 Sublittoral or Infra Littoral

These algae grow below the water level.

Some common example of algae growing in brackish water are Oscillatoria,
Anabaena etc.
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2.1.6 Littoral

These algae grow in the areas where there is periodic exposure of tides and is a junc-
tion between land and sea. Some of the examples of algae growing in this “subtidal
zones” are Dictyota sp., Rhodymenia sp., Grateloupia sp., Gracilaria sp.,
Polysiphonia sp., Chondrus crispus, Laminaria sp. etc. Algae growing in Intertidal
zones are Porphyra sp., Euglena sp., Laminaria sp., Gigartina sp., Fucus etc.

2.2 Aerophytes

Algae growing on the surface of leaves, bark, moist walls, flower pots, rocks, fenc-
ing wires are grouped as aerophytes. These algae have adapted for aerial mode of
life and obtain their water supply from rain, dew and atmospheric humidity. Some
of the examples of aerophytic algae are:

Trentepholia, Scytonema, Bark of trees (Epiphloeophytes)
Chroococus, Pleurococcus

Phycopeltis epiphyton, Somatochroon, Surface of leaves (Epiphyllophytes)
Cephaleuros

Cyanoderma, Trichophilus, Trentopholia, Rocks and stones

Pleurococcus, Chlorococcales

2.3 Cryophytic Algae

These algae grow in permanent or semi — permanent snow — capped mountain and
polar regions of the world. These algae when grow imparts colour to the snow for e.g.

Chlamydomonas nivalis, Scotiella, Gloeocapsa Red color

Acyclonema Brown or purple color
Chlamydomonas yellowstonensis, Green color

Euglena Enkistrodesmus, Mesotaenium

Scitiella, Protoderma, Pleurococcus, Nostoc Yellow or yellowish green

Raphidonema Black colour of snow
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2.4 Endozoic Algae

Algae growing inside the body of vertebrates or aquatic animals are called endozoic
algae for e.g.

Algae Host

Zoochlorella Hydra viridis
Zooxanthella Fresh water sponges
Oscillatoria, Simonsiella, Anabaeniolum Several vertebrates

2.5 Epizoic Algae

Many algal forms are known to grow on the surface of other aquatic animals (epi-
zoic algae), such as:

Oscillatoria, Protoderma, Bascicladia Turtles surface

and Dermatophyton

Cladophora crispata Shells of snails and molluscs
Stigeoclonium Gills and nose of fish

2.6 Epiphytic Algae

These grow on other aquatic plants and are not host specific (Fig. 4) for e.g.

Algae Host

Coleochaete nitellarum Chara and Nitella

Chaetonema Tetraspora and Batrachospermum
Rivularia An angiosperm Scirpus
Chaetophora Leaves of Nelumbo and Vallisnaria
Cocconis, Achanthus Lemna

Fig. 4 Oedogonium
filaments growing as
epiphyte on another
aquatic plant (Courtesy:
Prof. Dinabandhu Sahoo)
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Fig. 5 Dunaliella salina growing in salt pans of sambhar lake, Rajasthan (algae growing in
extreme halophytic conditions) (Courtesy: Prof. Dinabhandhu Sahoo)

2.7 Halophytic Algae

These algae grow in waters with very high salinity (Fig. 5) may be upto 70-80 ppt
for e.g. Dunaliella, Stephanoptera, Chlamydomonas ehrenbergii, Oscillatoria,
Ulothrix.

2.8 Parasitic Algae

Members of algae are known to live as parasite and semiparasite on other algae as
well as higher plants, where they cause severe damage, for e.g.

Cephaleuros virescence (Chlorophyceae) grows on Tea plants (Causes Red rust of
tea)

Cephaleuros virescence (Chlorophyceae) grows on Coffea arabica, Rhododendron,
Magnolia and Piper nigrum causing Red Rust.

Rhodochytrium (Chlorophyceae) grows on ragweed (Ambrosia) leaves

Phyllosiphon (Chlorophyceae) grows on the leaves of Arisarum vulgare

Polysiphonia fastigata (Rhodophyceae) grows on Ascophyllum nodusum as
semiparasite

Ceratocolax (Rhodophyceae) grows in Phyllophora thallus
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2.9 Symbiotic Algae

Members of cyanophycean algae grow in association with several plants such as:

* Nostoc grows in association with Anthoceros, Notothylas, Blasia
* Anabaena cycadaceae grows in the corolloid roots of Cycas plants
* Anabaena azollae grows in Azolla

2.10 Terrestrial Algae

Algae growing on soils, logs, rocks etc. are grouped under terrestrial algae. Most of
the terrestrial algal genera grow on or beneath the moist soil surface, for e.g.

Vaucheria, Botrydium, Fritschiella and Oedocladium Grow on soil surface
Nostoc, Anabaena, Euglena Subterranean habit

2.11 Thermophytic Algae

These algae grow in hot springs, where the temperature may go beyond 85 °C.Almost
all thermophytic algae are known from Cyanophyceae.

Cyanidium caldarium Acidic hot springs

Other examples of thermophytic algae are Synechococcus, Synechocystis,
Phormidium, Scytonema etc.

3 Thallus Organization

Range of algal thallus varies from unicellular to multicellular forms or microscopic
to macroscopic structures, with their size ranging from a few microns to some
meters. Micromonas pusilla is known to be smallest algae which is unicellular and
is 1 pm (0.00004 in.), on the other hand giant kelps has longest thalli that reaches up
to 60 m (200 ft) in length. The unicellular forms may remain solitary as a single unit
which are capable of completing their life cycle by providing all physiological,
biochemical, genetical requirements and may be motile or non-motile. When these
unicellular forms are held together in a common gelatinous matrix, they constitute
colonial forms, which are considered intermediate between unicellular and multi-
cellular structures. The other intermediate stages considered in thallus organization
of algae are palmella, dendroid, palmelloid, coccoid, filamentous, siphonaceous,
heterotrichus, uniaxial, multiaxial etc. In colonial forms the individual cells are
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independent in both structure and function. The multicellular form ranges from
microscopic to macroscopic, where some of the macroscopic forms reported from
phaeophyceae and rhodophyceae grow upto few meters. The multicellular forms
may be parenchymatous or sometimes the thallus is differentiated (Round 1973).

3.1 Upnicellular Forms

Unicellular or acellular forms can be motile or non-motile and are further grouped
into three categories based on presence or absence of flagella. The motile forms are
either rhizopodial or flagellates and non-motile forms are coccoid.

3.1.1 Rhizopodial

The rhizopodial forms lacks rigid cell wall and have a naked protoplast, cell enve-
lope is periplasmic, soft and permits extensive changes in shape and size of thallus,
lack flagella and instead possess cytoplasmic projections called Pseudopodia and
Rhizopodia. These forms move in ameboid manner.

Examples: Chrysamoeba (Chrysophyceae), Rhizochloris (Xanthophyceae) and
Dinophyceae.

3.1.2 Flagellates

The vegetative phase of many algae is a motile, flagellate unicell. Flagella may be
one or two or many, equal or unequal, and tinsel or whiplash type. Motile unicells
are commonly spherical, elongate, ovoid or round in cross section.

Examples: Flagellated forms are present in almost all groups of algae except
Myxophyceae, Phaeophyceae, Rhodophyceae

3.1.3 Coccoid

Non motility predominates and motility is entirely absent or restricted only to repro-

ductive stages. Occur in majority of algal classes and predominates in Xanthophyceae

(70 %). Coccoid forms are provided with a rigid cell wall and are non-flagellated.
Example: Prochloron, Aphanocapsa and Synechococcus

3.1.4 Spiral

Unicellular, spiral filamentous.
Example: Spirulina



General Characteristics of Algae 11

3.2 Multicellular Forms
3.2.1 Colonial Aggregation

A colony is a group of separate cells generally similar in structure and function and
aggregated by a mucilaginous envelope. The colonial habit can be further differenti-
ated into:

COENOBIUM: It has a definite number of cells arranged in a particular manner
which is determined at the juvenile stage and does not increase during its subse-
quent growth even though the cells enlarge. It comprises aggregation of flagellate
(Volvox) or non-motile cells (Hydrodictyon).

PALMELLOID: Colonial members in which “non — motile” cells remain embed-
ded in an amorphous gelatinous or mucilaginous matrix. In this type neither the
number, nor the shape and size of cells is constant. The cells are aggregated in a
common mucilaginous envelope. All the cells are independent of each other and
fulfil the function of an individual. Most normally flagellate or coccoid unicel-
lular algae may enter (often temporary) palmella stage, a condition where the
flagella are lost and the individuals undergo successive vegetative divisions while
embedded in a common gelatinous matrix, named after the volvocalean
(Chlorophyceae) genus Palmella. This term may be strictly applied to those
algae where the cells will readily revert to a motile condition or may be expanded
to include all algae where the palmelloid habit is more permanent. Example:
Palmella, Microcystis.

TETRASPORAL: The motile stages (if present at all) are restricted to the repro-
ductive cells. The regular colonies of the Cyanophyceae (e.g. Merismopedia,
Halopedia as flat plates of cells and Eucapsis, with colonies in cubical masses)
are included in the tetrasporal types. A feature of Tetrasporial form is the pres-
ence of mucilaginous pseudocilia.

DENDROID: The cells are united in a branching manner by localized production
of mucilage at the base of each cell. The whole colony looks like a tree in habit.
Examples: Chrysodendron.

RHIZOPODIAL: The cells of rhizopodial colonies are united through rhizopodia,
as in Chrysidiastrum (Chrysophyta).

3.2.2 Filamentous Forms

Filaments are formed when vegetative divisions occur in a transverse plane. In a
filament the Uniseriate row of cells are joined end to end in a transverse plane
through middle lamella. In Cyanophyta, a filament includes both the trichomes (i.e.
the uniseriate row of cells) and its sheath. The filament may be branched or
unbranched.

Unbranched Filaments: Example: Spirogyra, Zygnema, Oedogonium, Ulothrix.
Branched Filaments: Example: Cladophora, Pithophora
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The branching of the filament is either True or False.

FALSE BRANCHING: It occurs in Scytonemataceae (Cyanophyta), the trichome
generally fragments due to the degeneration of an intercalary cell (or by the for-
mation of biconcave separation discs) after which one or both of its ends adjacent
to the dead cell grows out of the parent sheath, giving the resemblance of
branching.

TRUE BRANCHING: It results from repeated transverse divisions of the lateral
outgrowths produced by a few or many scattered cells of the main filament. The
truly branched thalli are of four types:

Simple branched filament: A branched upright filamentous thallus is
attached by a simple disc derived from the basal cell Example: Cladophora.
Heterotrichous: The thallus consists of two parts, a prostrate creeping base
and an erect branched upright system. It is the most highly evolved type of
filament construction. During its development, a system of branched creeping
filaments is produced first and functions as the holdfast. These creeping sys-
tem of filaments will further give rise to a system of erect and branched fila-
ments Example Stigeoclonium (Chlorophyta) and Ectocarpus (Phaeophyta)
Parenchymatous forms: This occurs when cells of the primary filament
divide in all directions, any essentially filamentous structure is thus lost early.
Example: Porphyra, Ulva, Enteromorpha. This type of organization is most
common in Phaeophyceae (Fucales, Laminariales).
Pseudoparenchymatous forms: This habit results from a close juxtaposition
of the branched filaments of a single or many axial filaments. If branches from
a single filament are involved as in Batrachospermum, the thallus construc-
tion is called as uniaxial. If branches of many axial filaments aggregates, the
thallus is multiaxial e.g. Nemalion.

3.2.3 Siphonocladous Organization

It is restricted to members of chlorophyceae in which the unbranched (Urospora,
Chaetomorpha) or branched (Acrosiphonia, Cladophora) filaments are composed
of multinucleate (semi — coenocytic) cells. One of the siphonocladous algae Valonia
occurs as a single, spherical vesicle upto 10 cm in diameter has been described as
the largest plant cell.

3.2.4 Siphonous Organization

In a number of marine Chlorophyceae (order Siphonales, Bryopsidales,
Dasycladales) and some Xanthophyceae (Botrydium, Vaucheria) enlargement and
elaboration of the thallus proceeds in the absence of septa. Nuclear divisions are not
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followed by cytokinesis (free nuclear division) and the result is a coenocytic, multi-
nucleate thallus and a siphonous organization.

Siphonous organization ranges from Saccate (e.g. Botrydium) to uniaxial (e.g.
Vaucheria, Bryopsis) and multiaxial (e.g. Codium) forms.

4 Plastids and Photosynthetic Pigments

The most prominent feature of an algal cell is the plastid, which makes an important
characteristic of an algal cell for classification. Plastids which consist of chlorophyll
a and chlorophyll b are called CHLOROPLASTS and the one which lacks chloro-
phyll b are called CHROMATOPHORES (Sharma 2011). Prescott (1969) has clas-
sified them as “the pigment containing body with chlorophyll in dominance is
Chloroplast and when the pigments other than chlorophyll are dominant are called
Chromatophores”.
In algae, different forms and shapes of plastids are observed such as (Fig. 6):

(iv) Ribbed (v) Reticulate (vi) Spiral (vii) Stellate

Fig. 6 Different shapes of algal chloroplast (i) Chlamydomonas, (ii) Vaucheria, (iii) Ulothrix, (iv)
Volvox (v) Cladophora, (vi) Spirogyra (vii) Zygnema
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(i) Cup shaped: Chlamydomonas, Volvox
(ii) Discoid: Chara, Vaucheria, Dinophyceae, Bryopsidophyceae and many
diatoms
(iii) Girdle or C shaped: Ulothrix
(iv) Ribbed: Volvocales
(v) Reticulate: Oedogonium, Hydrodictyon and Cladophora
(vi) Spiral or ribbon shaped: Spirogyra
(vii) Stellate: Zygnema

According to location the plastid may be

(1) Parietal: Chaetophorales, Phaeophyta, Rhodophyta, Chrysophyceae, Pinnate
Diatoms
(i) Axial: Porphyridium, Bangia (John et al. 2002)

The basic structure of chloroplast is similar throughout the plant kingdom with
an envelope, stroma and internal lamellar membranes. Only the Cyanophycean
members shows the typical prokaryotic structure, where the thylakoids are not
bound in any envelope and they lie freely in cytoplasm.

In general, the following types of photosynthetic pigments (Table 1) have been
reported in an algal cell (Round 1973):

(i) Chlorophylls: There are five types of chlorophylls in algae a, b, c, d and e. There
occurrence in different algal groups has been reported in table 1.

(ii) Carotenes: There are five types of carotenes reported in different algal groups
as listed in table, and it is an accessory photosynthetic pigment. The different
types of carotenes are a, 8, Y, e, ¢ and flavicin.

(iii) Xanthophylls: There are about 20 xanthophylls reported in algae which are
characteristic of different algal groups.

(iv) Phycobilins: There are six types of phycobilins in algae.

5 Reserve Food

Polysaccharides and fats are two principle storage products in different members of
algae as summarized in Table 2:

6 Cell Wall

Most of the members of algae consist of a cell wall, and cell wall consists of non-
living material which are variously classified. In algae polysaccharides are chief
constituent of cell wall with two major components (i) Fibrillar (Cellulose, Mannans,
Xylans) and (ii) Amorphous (Alginic acid, fucoidan, galactans etc.) (Lee 2008).
The fibrillar component forms the skeleton of cell wall and amorphous component
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Table 2 Reserve food in different algal groups

D. Sahoo and P. Baweja

S.no. |Class Food reserve Location
1. Chlorophyceae (Green algae) Starch Starch grains within
chloroplast envelope
2. Xanthophyceae Oil, fats, leucosin With in chloroplast
(Yellow — green)
3. Chrysophyceae Oil, fats, Cytoplasm
(Orange algae) chrysolaminarin
4. Bacillariophyceae (Diatoms/ Fats and leucosin Vesicles
yellow or golden brown algae)
5. Cryptophyceae (Nearly brown) Starch Outside chloroplast
envelope
6. Dinophyceae (Dark yellow or Oil and Starch Outside chloroplast
brown)
7. Chloromonadinae (Bright green) | Oils and fats Cytoplasm
8. Euglenophyceae Paramylum, fats Cytoplasm in close
proximity to chloroplast
envelope
9. Phaeophyceae (Brown algae) Laminarin, Food is formed in
mannitol, oil pyrenoids and diffuses into
the vacuoles
10. Rhodophyceae (Red algae) Floridean starch Cytoplasm outside
chromatophore
11. Myxophyceae (Cyanophyceae, Myxophycean starch | Chromatoplasm

blue green algae)

forms the matrix embedding the fibrillar part. Different groups of algae has differ-
ential nature of cell wall as summarized in Table 3:

7 Flagella

A flagellum is a thread like fine structure that originates from cytoplasm. The num-
ber and position of flagella varies in all algal cell as mentioned in Table 4. Flagella
are meant for locomotion in algal cells. Flagella can be equal or unequal in length,
can be inserted anteriorly or posteriorly and can also be inserted laterally.

When equal in length flagella are termed Isokont and unequal condition is termed
Anisokont. In heterokont condition both tinsel and whiplash type of flagella are
present. The whiplash flagellum is the smooth naked flagellum and is also known as
acronematic or peitchgeisel. Tinsel flagellum, which is also known as pantonematic
or flimmer, is with minute hairs on its surface termed mastigonemes or flimmers.



General Characteristics of Algae

17

Table 3 Cell wall composition in different algal groups

S. no.
1.

2.
3.
4

v

s |®R e

= e

Class

Chlorophyceae (Green algae)
Xanthophyceae (Yellow — green)
Chrysophyceae (Orange algae)
Bacillariophyceae (Diatoms/yellow or
golden brown algae)

Cryptophyceae (nearly brown)

Dinophyceae (Dark yellow or brown)

Nature of cell wall

Cellulose, pectin, rarely hemicellulose
Pectin

Leucosin, fats, chrysolaminarin

Silica, cell wall is split into two outer halve
is silicified and inner is pectic

Cell wall absent instead a firm periplast is
present

Mostly cellulosic, some have a periplast

Chloromonadinae (Bright green)

Euglenophyceae
Phaeophyceae (Brown algae)
Rhodophyceae (Red algae)

Myxophyceae (Cyanophyceae, Blue

green algae)

Cell wall absent
Absent, periplastic

Cellulose, alginic acid, fucocinic acid

Cellulose, pectins, polysulphate esters

Table 4 Nature of flagella in different groups of algae

S. no.
1.
2.

10.
11.

Class

Chlorophyceae (Green algae)
Xanthophyceae

(Yellow — green)
Chrysophyceae (Orange
algae)

Bacillariophyceae (Diatoms/
Yellow or golden brown
algae)

Cryptophyceae (Nearly
brown)

Dinophyceae (Dark yellow
or brown)

Chloromonadinae (Bright
green)

Euglenophyceae
Phaeophyceae (Brown algae)
Rhodophyceae (Red algae)
Myxophyceae
(Cyanophyceae, Blue green
algae)

Pectin, hemicellulose, mucopeptide

Point of
Number of flagella insertion
2 or 4, equal, whiplash Anterior
2, unequal, tinsel and whiplash Anterior
1 or 2, unequal, either both whiplash or Anterior
one whiplash and other tinsel
1, tinsel Anterior
2, equal or unequal, flimmergeissel i.e. Apical or
both flagella bears lateral hairs, arranged | lateral
in two opposite rows on longer flagellum
and in one row on the shorter flagellum
2, unequal (heterokont) Latero-
ventral
2, equal (isokont) Apical or
lateral
1 rarely 2 or 3, tinsel Anterior
2, unequal, whiplash and tisel Lateral

Absent
Absent
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8 Reproduction

Algae reproduces both asexually as well as sexually. The asexual method of repro-
duction includes reproduction by vegetative methods and reproduction by spores.
The different methods of reproduction in algae are discussed below:

8.1 Vegetative Methods

The vegetative reproduction is a type of reproduction where a part of thallus
becomes specialized and gets detached from the parent to form a new offspring.
The new individual thus formed in this way is genetically identical to parent and
no variation is observed. The different ways by which algae reproduces vegeta-
tively are:

8.1.1 Budding

Some vesicles which get detached from the parent plant by the formation of a sep-
tum, and are cable of giving rise to a new thallus are called buds. For example:
Protosiphon (Fig. 7).

8.1.2 Cell Division

Simplest method of reproduction, where, the unicellular algae divides into two by
fission. For example: Chlamydomonas (Fig. 8), Diatoms.

Fig. 7 Budding in
Protosiphon
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Fig. 8 Cell division in
Chlamydomonas

Fig. 9 Fragmentation in
Spirogyra

8.1.3 Fragmentation

During this process the filamentous thalli breaks into two or many fragments
(Fig. 9). Each fragment is capable of giving rise to a new filament. The fragmenta-
tion may result due to accidental breakage or formation of separation of disc. For
example Spirogyra, Nostoc, Oscillatoria.

8.1.4 Bulbils

These are tuber like outgrowths developed mostly at the rhizoidal tips. In Chara
they develop at the nodes. These bulbils when detach from the parent plant give rise
to new thallus. For example: Chara.

8.1.5 Hormogones

These are short segments of filaments with in the sheath of parent filament.

Hormogones are many celled segments and are commonly found in members of
cyanophyceae.
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8.1.6 Amylum Stars

Present on lower nodes in Chara. These are star shaped aggregation of starch.

8.2 Asexual Reproduction or Reproduction by Spores

8.2.1 AKinetes

These are thick walled spores with abundance of food reserve. They withstand the
unfavourable conditions and germinate on the onset of favorable conditions.
Example: Nostoc, Gloeotrichia, Ulothrix, Cladophora, Pithophora.

8.2.2 Autospores

During unfavourable conditions protoplast inside the sporangium divides and forms
spores which are identical to parent plant are termed autospores. The autospores are
non-motile, thick walled and abundant in food reserve. Example: Scenedesmus,
Chlorella etc.

8.2.3 Aplanospores

They may be formed singly or by the repeated division of the sporangium of parent
plant during drought (unfavourable conditions). Example: Ulothrix.

8.2.4 Bispores

When two spores are formed in a sporangium they are called bispores and the spo-
rangium is termed as bisporangium (Fig. 12) as reported in Grateloupia filicina
(Baweja and Sahoo 2002); Porphyra and in Lithophylum littorale (West and
Hommersand 1981).

8.2.5 Carpospores

These are formed in carposporangium during triphasic life cycle of rhodophycean

members. They are formed from zygote and are diploid in nature. Example:
Polysiphonia, Gracilaria, and Grateloupia (Baweja 2006).
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Fig. 10 Endospores of
Dermocarpa

8.2.6 Endospores

These are formed in the sporangium by successive repeated divisions of cell con-
tents. All spores are formed first, then the sporangium opens to liberate the motile
spores (Fig. 10). e.g. Dermocarpa clavata.

8.2.7 Exospores

During exospore formation in Cyanophycean members, the sporangium gets burst
at the apex and is exposed to the external environment and further by successive
repeated divisions of cell contents the spherical spores are formed which are termed
exospores. All spores get liberated one by one. For example Chamaesiphon,
Stichosiphon (Fig. 11).

8.2.8 Hypnospores

Aplanospores with thick walled and abundance of food reserve are known as
hypnospores. They may germinate directly or their protoplast may divide further
to form zoospores which germinate to new plant. Example: Pediastrum,
Sphaerella etc.
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Fig. 11 Exospores in
Chamaesiphon

8.2.9 Monospores

Single spores formed in a sporangium are termed as monospores. Commonly mono-
spores are found in Brown and red algae and are considered to be the commonest
asexual spores of red algae (Dixon 1963; South and Whittick 1987).

8.2.10 Neutral Spores

These are common in red algae for example Bangia where, the vegetative cells
directly gets transformed into spores and such spores are termed neutral spores.
8.2.11 Paraspores

When more than four spores are formed because of reduction division in a spo-
rangium in red algae, such spores are called as paraspores or polyspores for

example: Palmaria elegans, Ceramium sp. (Whittick 1977; Rueness 1973;
Sharma 2011).
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Fig. 12 A bispore (bs) and
Tetraspore (tt) of
Grateloupia filicina
(Courtesy: Dr. Pooja
Baweja)

8.2.12 Statopsores

Thick and ornamented smooth walled spores of bacillariophyceae are termed as
Statospores. Example: Chaetoceros  (Bacillariophyceae), Chrysophyceae,
Xanthophyceae etc (Pienaar 1980; Sandgren 1983; Sharma 2011).

8.2.13 Tetraspores

Commonly found in red algae. These are formed in four in number in a tetrasporan-
gium (Fig. 12). E.g. Porphyra, Gracilaria, Grateloupia.

8.2.14 Zoospores

The motile and naked spores are known as zoospores. They may be haploid or dip-
loid and are formed in zoosporangium. The zoospores of Vaucheria are known as
synzoospores as they are multinucleate and multiflagellate. Zoospores may have
two, four or many flagella (Fig. 13) for example:

Biflagellate zoospores: Chlamydomonas, Ulothrix
Quadriflagellate: Ulothrix
Multiflagellate Oedogonium
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Fig. 13 Zoospores of
Oedogonium

Isogamy Anisogamy

c
@ Oogamy

Fig. 14 Sexual reproduction in algae (a) [sogamy: Fusing gametes are morphologically identical;
(b) Anisogamy: Fusing gametes are morphologically dissimilar; (¢) Oogamy: Female gamete
becomes immobile, larger in size and male gamete is mobile and smaller in size

8.3 Sexual Reproduction

Sexual reproduction has been reported from all members of algae except cyanophy-
ceae. In sexual reproduction two opposite mating types (gametes) fuse to form a
zygote. Depending on the structure and behaviour of fusing gametes (Fig. 14) it can
be classified as:

8.3.1 Isogamy

In it the fusing gametes are iso gametes (iso — similar) i.e. they are morphologically
and physiologically similar. Example: Chlamydomonas, Ulothrix etc.
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8.3.2 Anisogamy

In it the fusing gametes are aniso gametes (aniso — dissimilar) i.e. they are morpho-
logically and physiologically not similar and are different. In some algae physio-
logical anisogamy has been reported where the gametes are morphologically
similar but physiologically different (e.g. Spirogyra). Example: Chlamydomonas
braunii etc.

8.3.3 Oogamy

It is an advanced type of sexual reproduction and has been observed in higher plants
and animals too. In algae, usually the male partner is motile and female partner is
non-motile with exception in Rhodophyceae where male partners are too non-motile
and reaches female by the water currents. In algae the male antherozooids are
formed in Antheridium and female gametes are formed in oogonium. Example:
Chlamydomonas, Oedogonium, Chara, Polysiphonia, Porphyra etc.

8.3.4 Autogamy

It is commonly reported in Diatoms, where the fusing gametes are formed from the
same mother cell and are haploid. After fusion they form a diploid zygote with no
genetic variation.

9 Perennation or Survival Strategies in Algae

The freshwater and sub aerial algae are unprotected and are frequently exposed to
the risk of desiccation and extremes of temperature, on the other hand, marine
algae live in conditions where variations in external environmental conditions of
life are rare but still they are exposed to tidal fluctuations. To combat this, algae has
developed certain methods to carry over the period of severe conditions till the next
growing season. Thus, perennation can also be defined as a temporary rest for
algae, where all the metabolic activities are ceased till the onset of favourable sea-
son. However, fresh water and sub aerial algae undergo perennation by producing
asexual thick walled spores, the marine algae avoids the tidal fluctuations by secret-
ing a lot of mucilage which keeps them dehydrated during the low tides (Vashishtha
et al. 2007).

Main methods of perennation is fresh water and sub aerial algae are (a) Akinetes
(2) Aplanospores (3) Palmella Stage (4) Cysts (5) Oospore or Zygote (6)
Hormospores (7) Hypnospores (8) Tubers.



26 D. Sahoo and P. Baweja
9.1 Akinetes

Akinetes are specially modified vegetative cells with thick, resistant cell wall and
abundance of food reserve. These are formed during conditions of drought, when
the whole thalli or filament dries and die but akinetes remains to overcome the unfa-
vourable conditions. As the favourable conditions returns, they develop into new
plants. Example: Ulothrix, Cladophora, Pithophora, and Nostoc.

9.2 Aplanospores

These are thick walled non motile spores which are formed during unfavourable
conditions. They are formed by the rounding off cytoplasmic contents and develop-
ment of thick wall. Aplanospores are liberated by the separation of parent wall.
After a period of rest and on the approach of favourable conditions they develop into
new plants. Example: Chlamydononas, Ulothrix, Coleochaete, Oedogonium.

9.3 Palmella Stage

In Chlamydomonas during adverse conditions the vegetative cell divides and form
new daughter cell. Which further increase in number by repeated cell divisions. All
daughter cells thus formed remain clustered together inside a mucilaginous envelop.
This envelope is formed by the gelatinisation of parent cell wall of the successive
generations. This is called Palmella stage, which is of short duration and represents
milder method of perennation.

9.4 Cysts

During unfavourable conditions the plant body of certain algae like Euglena,
Vaucheria, Protosiphon produces cysts, which separates. Each cyst germinates
directly into a new plant on the approach of favourable conditions. In Vaucheria and
Protosiphon, the cysts are termed Coenocysts as in these algae cysts are formed of
multinucleate segment of thallus.

9.5 Qospore or Zygospore

In algae zygote or zygospore do not germinate directly and undergo a resting period
before the onset of favourable conditions, therefore formation of zygotes is consid-
ered a method of perennation in green algae. The zygote which is formed as a result
of sexual fusion are thick walled structure with plenty of food material.
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9.6 Hormospores

During unfavourable conditions, hormogones in blue green algae gets separated
from the tips of trichomes. These hormogones gets rounded off, secretes a thick
wall and are termed hormopsores.

9.7 Hpypnospores

When aplanospores secretes a thick wall around them to withstand extreme
stressful conditions such as winter and draught, are termed as hypnospores.
These spores remain in quiescent condition for some time, and as the favourable
conditions approaches they germinate into a new plant for e. g. Westiella
(Cyanophyceae).

9.8 Tubers

These are commonly reported in Chara and Cladophora and are outgrowth of rhi-
zoids. They are formed from specialised rhizoidal cell which divides a number of
time, gets thick walled and store abundance of food reserve material. As these are
produced from the subterranean part of the plant, these are able to withstand the
extremes of drought and temperature.
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1 Introduction

Classification is the systematic grouping of organisms into categories on the basis
of relationships between them, where the relationship can be either evolutionary or

structural. The hierarchy for the classification of plants is Division, Class, Order,

Family, Genus and Species as per International code of botanical nomenclature
(ICBN) (Sharma 2011). Different categories of algae as recommended by ICBN

are:
Division: Phyta E.g. Chlorophyta
Sub — division:  Phytina

Class: Phyceae  E.g. Chlorophyceae
Sub — class: Phycidae

Order: Ales

Sub — order: Inales

Family: Aceae

Sub — family: Oideae

Tribe: Ease

Genus:

Species:

Variety:

Form:
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2 Evolution of Algal Classification

The history of classification dates back to Carolous Linnaeous, who first classified
plants into 25 classes based on “sexual system” considering the number of stamens
and carpels in their flowers. Out of his 25 classes, in “Cryptogamia” which contains
plants with “concealed reproductive organs” Linnaeus, proposed 14 algal genera of
which only 4, Conferva, Ulva, Fucus and Chara are now considered as algae
(Dixon 1973).

W. H. Harvey is considered as one of the first algologist who proposed the first
descriptive algal classification. Since W. H. Harvey several classifications have been
proposed based on a variety of characters including morphological, physiological,
biochemical and more recently the molecular characters have also been considered.
The main characters which are being widely used for algal classification are:

I. Photosynthetic Pigments: Chlorophylls, Carotenoids (Carotenes and
Xanthophylls), Phycobilins
II. Biochemical nature of food reserve.
III. Cell wall composition
IV. Flagella

The major classification proposed by different algologists for algae are:

2.1 Classification Proposed by W. H. Harvey (1836)

William Henry Harvey (1811-1866), was a pioneer algologist. He classified algae
for the first time in 1836 into four groups based on the colour of thallus:

S. No. Group Colour
1. Chlorospermae Green

2 Melanospermae Brown
3. Rhodospermae Red

4 Diatomacea Diatoms

2.2 Classification Proposed by A. W. Eichler (1883)

Eichler (1883), created a new division Thallophyta while classifying the plants and
grouped Algae and Fungi together in this. Further Eichler classified algae into five
groups:

S. No. Group Colour

1. Cyanophyceae Blue green algae
2. Diatomeae Diatoms

3. Chlorophyceae Green algae

4. Phaeophyceae Brown algae

5. Rhodophyceae Red algae
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2.3 Classification Proposed by Engler and Prantle
(1887-1915)

In first edition of Die Naturlichen Pflanzenfamilien algae and fungi were grouped
together under Euthallophyta and different groups of algae were identified as:

1. Schizophyta Cyanobacteria

2. Flagellatae

3. Dinoflagellata | Flagellate protists

4. Bacillariales Diatoms

5. Euphyceae Algae Conjugatae
Chlorophyceae
Charophyta
Phaeophyta
Rhodophyceae

6. Eumycetes Fungi

2.4 Classification Proposed by West (1916)

Based on reproductive structures and presence or absence of flagella West divided
algae into four categories:

Isokontae Flagella of equal size
Akontae Flagella absent
Stephanokontae Flagella crowned
Heterokontae Flagella of unequal size

BRI =

2.5 Classification Proposed by A. Pascher (1931)

A. Pascher, proposed an evolutionary classification based on phylogeny and inter-
relationships among various groups. In his classification algae has been placed
above the rank of a division. He classified algae into eight divisions which were
further subdivided into different classes as:

S. No. Division Classes

1. Chrysophyta (a) Chrysophyceae
(b) Diatomeae
(c) Heterokontae

2. Phaeophyta (a) Phaeophyceae

3. Pyrrophyta (a) Cryptophyceae
(b) Desmokontae
(c) Dinophyceae

(continued)
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S. No. Division Classes

4. Euglenophyta (a) Euglenophyceae

5. Chlorophyta (a) Chlorophyceae
(b) Conjugatae

6. Charophyta (a) Characeae

7. Rhodophyta (a) Bangineae
(b) Floridineae

8. Cyanophyta (a) Myxophyceae

2.6 Classification Proposed by J. E. Tilden (1933)

J. E. Tilden (1933), based on reserve food material, pigmentation and flagellation
classified algae into five classes. According to Tilden, Pigments are of vital impor-
tance in the development and advancement of algal members and thus supported the
retention of names of algae based on colours.

S. No. Class Colour

1. Myxophyceae Blue green

2 Rhodophyceae Red

3 Phaeophyceae Brown

4. Chrysophyceae Yellow green
5 Chlorophyceae Green

Characteristic Features

1.

Myxophyceae: True cell wall absent, true nucleus absent, central protoplast is
transparent surrounded by peripheral pigmented protoplast. In peripheral proto-
plast pigments like phycocyanin (blue coloured pigment) and chlorophylls pres-
ent thus imparting blue green colour to cell. Carotenes present. In rare forms
(e.g. Oscillatoria, Phormidium) phycoerythrin is present. True starch absent.
Flagella absent.

Rhodophyceae: Principal pigment is phycoerythrin which masks other pigments,
chlorophyll, carotene, xanthophyll and phycocyanin are also present. Floridean
starch present. Flagella absent.

. Phaeophyceae: Principal pigment is fucoxanthin, other pigments are chlorophyll

a, b, Carotene, xanthophyll. Flagella present, one or two, unequal.

. Chrysophyceae: Golden brown chromatophores present, assimilation product

fatty oil, flagella present.
Chlorophyceae: Chlorophylls dominate, flagella present, reserve food material
starch.
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2.7 Classification Proposed by F. E. Fritsch (1935)

F. E. Fritsch (1935), also known as Father of Phycology, proposed the most accept-
able and comprehensive algal classification. Fritsch published two volumes of
“Structure and Reproduction of the Algae”. His classification is based on different
characteristics as pigmentation, chemical nature of reserve food material, flagellar
arrangement (kind, number and point of insertion), presence or absence of orga-
nized nucleus in cell and mode of reproduction. He emphasized the account of liv-
ing forms of algae as compared to fossil forms, all of which have been grouped in
one class. He classified algae into 11 classes as:

S. No. Class Orders
1. Chlorophyceae Nine
(Green algae) Volvocales, chlorococcales, ulotrichales, cladophorales
Chaetophorales, oedogoniales, conjugales, sipohonales,
charales
2. Xanthophyceae Four
(Yellow — green) Heterochloridales, heterococcales
Heterotrichales, heterosiphonales
3. Chrysophyceae Three
(Orange algae) Chrysomonadales, chrysophaerales
Chrysotrichales
4. Bacillariophyceae Two
(Diatoms/yellow or golden | Centrales, pennales
brown algae)
5. Cryptophyceae Two
(Nearly brown) Cryptomonadales, cryptococcales
6. Dinophyceae Six
(Dark yellow or brown) Desmomonadales, thecatales
Dinophysiales, dinoflagellata, dinococcales,
dinotrichales
7. Chloromonadineae One
(Bright green) Chloromonadales
8. Euglenophyceae The class has been divided into three families:
Euglenaceae, astasiaceae, peranemaceae
9. Phaeophyceae Nine
(Brown algae) Ectocarpales, tilopteridales, cutariales, sporochnales,
desmarestiales, laminariales, sphacelariales, dictyotales,
fucales
10. Rhodophyceae Seven
(Red algae) Bangiales, nemalionales, gelidiales, cryptonemiales
Gigartinales, thodymeniales, ceramiales
11. Myxophyceae Five

(Cyanophyceae, blue
green algae)

Chroococcales, chamaesiphonales, pleurocapsales
nostocales, stigonemales
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The characteristics features of different classes as proposed by Fritsch are:

2.7.1 Class I: Chlorophyceae (Green Algae)

(a) Occurrence: Aquatic (mostly freshwater and few are marine) as well as
terrestrial.

(b) Pigments: Chlorophyll a and b; Carotenoids and Xanthophylls.

(c) Pyrenoids: Present.

(d) Reserve food material: Starch.

(e) Cell wall: Cellulosic.

(f) Structure: Unicellular motile to multicellular, heterotrichous filamentous.

(g) Flagella: Present, equal length (isokont), situated anteriorly, one whiplash and
another one is tinsel.

(h) Reproduction: Vegetative, Asexual and Sexual reproduction (isogamous,
anisogamous and oogamous).

Orders (9): 1. Volvocales 2. Chlorococcales 3. Ulotrichales
4. Cladophorales 5. Chaetophorales 6. Oedogoniales 7. Conjugales
8. Sipohonales 9. Charales

2.7.2 Class II: Xanthophyceae (Yellow: Green)

(a) Occurrence: Mostly freshwater and a few are marine.

(b) Pigments: Chlorophyll a, e, f carotene and xanthophylls.

(c) Pyrenoids: Absent.

(d) Reserve food material: Oil.

(e) Cell wall: Rich in pectic compounds and composed of two equal pieces over-
lapping at the edges. Flagella unequal.

(f) Structure: Unicellular motile to simple filamentous.

(g) Flagella: Present, two unequal, situated anteriorly. Longer one tinsel and shorter
one whiplash.

(h) Reproduction: Vegetative, Asexual and Sexual (Mainly Isogamous, Anisogamy
is rare, Oogamous in Vaucheria).

Orders (4): 1. Heterochloridales 2. Heterococcales 3. Heterotrichales
4. Heterosiphonales

2.7.3 Class III: Chrysophyceae (Orange Algae)

(a) Occurrence: Mostly fresh water a few are marine.

(b) Pigments: Chlorophyll a, Dominant pigment is Phycocrysin.
(c) Reserve food material: Leucosin, fats, Chrysolaminarin.

(d) Cell wall: Silicified or Calcified, Cellulose absent.
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(e) Structure: Unicellular motile to branched filamentous.

(f) Flagella: Present, Two in number, equal or may be unequal, inserted
anteriorly.

(g) Reproduction: Vegetative and Sexual (normally absent, but if present
isogamous).

Orders (3): 1. Chrysomonadales 2. Chrysophaerales 3. Chrysotrichales

2.7.4 Class IV: Bacillariophyceae (Diatoms/Yellow or Golden
Brown Algae)

(a) Occurrence: Cosmopolitan in nature, found everywhere in fresh water, marine
water, soil and terrestrial habitats.

(b) Pigments: Chlorophyll c, B carotene, Fucoxanthin, Diatoxanthin, Didinoxanthin.

(c) Pyrenoids: Present.

(d) Reserve food material: Fats, Volutin.

(e) Cell wall: Composed of silica as well as pectic substances. Divided in two
halves outer half is hydrated silica and inner half is composed of pectic
substances.

(f) Structure: Unicellular or Colonial.

(g) Flagella: Single, pantonematic in motile stages.

(h) Reproduction: Cell division and auxospore formation.

Orders (2): 1. Centrales 2. Pennales

2.7.5 Class V: Cryptophyceae (Nearly Brown)

(a) Occurrence: Found in both freshwater and marine waters.

(b) Pigments: Chlorophyll a, ¢, Xanthophylls — diatoxanthin, phycocyanin and
phycoerythrin.

(c) Pyrenoids: Pyrenoid like bodies present but independent of chromatophores.

(d) Reserve food material: Starch and/or oil.

(e) Cell wall: Absent

(f) Structure: Unicellular with anterior groove or pocket.

(g) Flagella: Biflagellate, both flagella apical or lateral, hairy, may be equal or
unequal.

(h) Reproduction: Mostly binary fission, Sexual reproduction is rare but only of
isogamous type.

Orders (2): 1. Cryptomonadales 2. Cryptococcales
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2.7.6 Class VI: Dinophyceae (Dark Yellow or Brown)

(a) Occurrence: Mostly marine and a few are freshwater forms.

(b) Pigments: Chlorophyll a, ¢ 2, p carotene, peridinin, neoperidinin, dominant pig-
ments are xanthophylls.

(c) Chromatophores: Present, Discoid.

(d) Reserve food material: Starch and Fat.

(e) Cell wall: Cellulosic.

() Structure: Mostly unicellular, branched filamentous and motile.

(g) Flagella: Present, two, equal.

(h) Reproduction: Sexual reproduction isogamous type (rare).

Orders (6): 1. Desmomonadales 2. Thecatales 3. Dinophysiales
4. Dinoflagellata 5. Dinococcales 6. Dinotrichales

2.7.7 Class VII: Chloromonadinae (Bright Green)

(a) Occurrence: Fresh water forms.

(b) Pigments: Xanthophylls in excess.

(c) Pyrenoids: Absent

(d) Reserve food material: Fat and Qil

(e) Cell wall: Absent.

(f) Structure: Motile unicells.

(g) Flagella: Two, Equal.

(h) Reproduction: By cell division, Sexual reproduction absent.

Orders (1): 1. Chloromonadales

2.7.8 Class VIII: Euglenophyceae

(a) Occurrence: Freshwater forms are known only.

(b) Pigments: Chlorophyll a, b, f carotene, astaxanthin, antheraxanthin, diadino-
xanthin, neoxanthin.

(c) Pyrenoids: Pyrenoid like bodies are present in some.

(d) Reserve food material: Paramylon and some polysaccharides.

(e) Cell wall: Proteinaceous.

(f) Structure: Unicellular.

(g) Flagella: Present (one or two).

(h) Reproduction: By cell division, Sexual reproduction if present is of isogamous

type.
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The class has been divided into three families:

1. Euglenaceae 2. Astasiaceae 3. Peranemaceae

2.7.9 Class IX: Phaeophyceae (Brown Algae)

(a) Occurrence: Mostly marine.

(b) Pigments: Fucoxanthin is dominant, Chlorophyll a, ¢ and carotene.

(c) Pyrenoids: Stalked pyrenoids present outside the chloroplast envelope..

(d) Reserve food material: Laminarin, mannitol and fats.

(e) Cell wall: Cellulose, alginic acid and fucinic acid.

(f) Structure: Microscopic to branched, filamentous macroscopic parenchymatous
plants.

(g) Flagella: Zoospores flagellated, flagella unequal, one is tinsel type.

(h) Reproduction: Sexual reproduction (isogamous, anisogamous and oogamous).

Orders (9):

1. Ectocarpales 2. Tilopteridales 3. Cutariales 4. Sporochnales
5. Desmarestiales 6. Laminariales 7. Sphacelariales

8. Dictyotales 9. Fucales

2.7.10 Class X: Rhodophyceae (Red Algae)

(a) Occurrence: Mostly marine.

(b) Pigments: r- phycoerythrin and r — phycocyanin, chlorophyll a, d, carotene and
xanthophylls.

(c) Pyrenoids: Chromatophores present and pyrenoid like bodies are present in
lower forms.

(d) Reserve food material: Floridean starch.

(e) Cell wall: Outer pectic and inner cellulosic.

(f) Structure: Multicellular (uniaxial or multiaxial).

(g) Flagella: Absent (cell non — motile).

(h) Reproduction: Sexual and oogamous type.

Orders (7):
1. Bangiales 2. Nemalionales 3. Gelidiales 4. Cryptonemiales
5. Gigartinales 6. Rhodymeniales 7. Ceramiales
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2.7.11 Class XI: Myxophyceae (Cyanophyceae, Blue Green Algae)

(a) Occurrence: Mostly fresh water.

(b) Pigments: c — phycocyanin, chlorophyll a,  carotene and c- phycoerythrin.

(c) Pyrenoids: Absent.

(d) Reserve food material: Myxophycean starch and cyanophycean granules
(proteins).

(e) Cell wall: Mucopeptides, amino acids, fatty acids and carbohydrates.

(f) Structure: Unicellular or Multicellular. Cells are prokaryotic in nature.

(g) Flagella: Absent (cell non — motile).

(h) Reproduction: Vegetative and asexual, sexual reproduction absent (genetic
recombination is reported in some members)

Orders (5):
1. Chroococcales 2. Chamaesiphonales 3. Pleurocapsales
4. Nostocales 5. Stigonemales

Some important suggestions proposed by Fritsch in his classification can be
summarized as below (Sharma 2011):

1. According to Fritsch, algae as a group must be considered as Division, therefore
it cannot be further divided into “phyta” and he thus classified algae in 11 classes.

2. Class Conjugatae of Pascher’s classification should be treated as an order (=
conjugates) of class Chlorophyceae.

3. Division Charophyta (Pascher 1914) should be treated only as an order Charales
in class Chlorophyceae.

4. Euglenophyta was further separated into two separate classes i.e. Euglenineae
and Chlromonadineae.

5. Inclusion of Xanthophyceae, Bacillariophyceae and Chrysophyceae were sepa-
rated because of dissimilarities between them.

2.8 Classification Proposed by G. M. Smith (1955)

G.M. Smith supported the classification proposed by Pascher (1914, 1931) and pro-
posed a new classification with certain modifications. He divided algae into divi-
sions and further into classes. The seven divisions of algae as proposed are:

S.No. | Divisions Classes

1. Chlorophyta Chlorophyceae e.g. Volvox
Charophyceae e.g. Chara

2. Euglenophyta | Euglenophyceae e.g. Euglena

3. Pyrrophyta Desmophyceae e.g. Desmarestia

Dinophyceae e.g. Dinophysis
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S. No. Divisions

4. Chrysophyta
5. Phaeophyta
6. Cyanophyta
7. Rhodophyta

Classes

41

Chrysophyceae e.g. Chromolina

Xanthophyceae e.g. Botrydium

Bacillariophyceae e.g. Pinnularia

Isogenerateae e.g. Ectocarpus

Heterogenerateae e.g. Mynomena

Cyclosporeae e.g. Sargassum

Myxophyceae e.g. Nostoc, Anabaena

Rhodophyceae e.g. Polysiphonia, Gracilaria, Batrachospermum

Smith also recognized algae of uncertain systematic position and placed them

under chloromonadales and cryptophyceae.

2.9 Classification Proposed by G. F. Papenfuss (1955)

G. E. Papenfuss proposed algal classification based on phylogenetic relationship.
He recognized 7 division and 12 classes as described in the following table. The
blue green algae were kept together in a separate phylum Schizophya along with

bacteria.

S. No.

Rl el

Divisions
Chlorophycophyta
Charophycophyta
Euglenophycophyta
Chrysophycophyta

Pyrrophycophyta

Phaeophycophyta
Rhodophycophyta

Class

Chlorophyceae
Charophyceae
Euglenophyceae

(a) Xanthophyceae
(b) Chrysophyceae
(c) Bacillariophyceae
(a) Dinophyceae

(b) Cryptophyceae
(c) Chloromonadophyceae
Phaeophyceae
Rhodophyceae

2.10 Classification Proposed by V. J. Chapman (1962)

Chapman, considered pigments, morphological characters, biochemical differences
and also phylogenetic relationships with in different algae for its classification. He
divided algae into four different divisions and further into classes as given in table:
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S. No. Divisions

1. Euphycophyta

2. Myxophycophyta
3. Chrysophycophyta
4. Pyrrophycophyta

P. Baweja and D. Sahoo

Class

(a) Chlorophyceae
(b) Phaeophyceae

(c) Rhodophyceae
(a) Myxophyceae

(a) Chrysophyceae
(b) Xanthophyceae
(c) Bacillariophyceae
(a) Cryptophyceae
(b) Dinophyceae

2.11 Classification Proposed by Christensen (1964)

Christensen (1964), divided algae on the basis of prokaryotic and eukaryotic fea-

tures of cell into Prokaryota and Eukaryota.

Division

Algae | Prokaryota (a) Cyanophyta
Eukaryota (i) Aconta (Motile | (a) Rhodophyta

stages absent)

(ii) Contophora (a) Chlorophyta Chlorophyll a and b

(Motile stages (b) Charophyta predominates
present) (c) Euglenophyta
(d) Xanthophyta Carotenoids predominates,
(e) Chrysophyta chlorophyll a present,
() Bacillariophyta chlorophyll b absent
(g) Pyrrophyta
(h) Cryptophyta

(i) Phaeophyta

2.12 Classification Proposed by G. W. Prescott (1969)

The basis for algal classification by Prescott (1969) was presence or absence of true

nucleus, pigmentation, biochemical nature of

cell wall, reserve food material, life

history and reproduction. Based on these criteria he classified algae into nine phyla

with different classes:

S. No. Phyla Classes No. of orders
1. Chlorophyta (a) Chlorophyceae 17

(b) Charophyceae 01
2. Euglenophyta 02

(continued)
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S. No.
3.

Phyla Classes No. of orders
Chrysophyta (a) Chrysophyceae 05
(b) Bacillariophyceae 02
(c) Heterokontae (Xanthophyceae) 05
Pyrrophyta (a) Desmokontae (Desmophyceae) 01
(b) Dinokontae (Dinophyceae) 05
Phaeophyta (a) Isogeneratae 05
(b) Heterogeneratae 05
(c) Cyclosporae 05
Rhodophyta (a) Bangioideae 04
(b) Florideae 06
Cyanophyta (a) Coccogoneae 03
(b) Hormogoneae 05
Cryptophyta 02
Chloromonadophyta 01

2.12.1 Phylum I: Chlorophyta (Green Algae): Chlorophyll a, b; Food
Reserve Material: Starch

Class:
Orders:

(A) Chlorophyceae:

1.
2.

Volvocales: Motile cells, reproduction isogamy to oogamy
Tetrasporales: Unicellular. Gelatinous, reproductive cells
motile but vegetative cells may assume motility,

reproduction isogamous

Ulotrichales: Filamentous forms, filaments unbranched,

basal cell and distal cell may or may not differentiate,
chloroplast parietal, cell wall constructed in one section,
reproduction isogamous or anisogamous

Microsporales: Filaments unbranched, parietal chloroplast,
cell wall peculiarly constructed in two sections, reproduction
isogamous or anisogamous

Cylindrocapsales: Filaments unbranched, chloroplast massive
chloroplast, cells enclosed in a lamellar mucilage,
reproduction oogamous

Sphaeropleales: Filamentous, unbranched, no differentiation
into basal and distal cell, filaments laterally adjoined,
reproduction isogamous or anisogamous

Ulvales: Thallus foliose, hollow tubes, differentiation

in basal and distal cells, filaments laterally adjoined, reproduction
isogamous or anisogamous



44

10.

11.

12.

13.

14.

15.

16.

17.
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Schizogonales (Prasiolales): Filaments uniseriate or multiseriate
(sometimes with false branching), may become foliose or frond like,
chloroplast stellate, sexual and asexual reproduction absent
Chaetophorales: Uniseriate, branched, differentiation in basal

and distal cells, branches taper apically, parietal chloroplast,

sexual reproduction isogamous or anisogamous

Coleochaetales: Filaments branched, erect or prostrate

on a substrate, cells frequently with walls bearing hairs,

sexual reproduction oogamous

Trentepholiales: Filaments branched, erect or both erect

and prostrate, without tapering, branches without hairs,

sexual reproduction isogamous

Cladophorales: Branched or unbranched, uniseriate,

differentiation in basal and distal cells, cell walls thick and lamellate,
cells coenocytic, chloroplast parietal net, zoospores for asexual
reproduction, sexual reproduction isogamous or anisogamous
Siphonocladales: Semi — siphonous, coenocytic filaments,
differentiation in basal and distal cells, chloroplast a reticulum,
sexual reproduction isogamous or anisogamous

Siphonales: Non segmented, coenocytic filaments,

sexual reproduction isogamous or rarely oogamous

Oedogoniales: Filaments branched or unbranched,

differentiation in basal and distal cells, cells larger at the anterior end,
cell division peculiar, parietal chloroplast, zoospores for asexual
reproduction, sexual reproduction oogamous

Zygnematales (Conjugales): Unicellular or filamentous without
basal — distal differentiation, chloroplast large, axial or parietal,
asexual reproduction by parthenospore, sexual reproduction

by the metamorphosis of the vegetative cell protoplast

to form isogamous or anisogametes, united by conjugation
Chlorococcales: Coenocytic, unicellular or colonial,

vegetative reproduction present through autospores or autocolonies,
asexual reproduction by zoospores, sexual reproduction isogamous,
anisogamous (rare), oogamous

Class:  (B) Charophyceae (Stoneworts):

Order: 1.

Charales: Macroscopic, differentiation in basal and distal cells,
thallus differentiated into nodes and internodes, nodes bear whorl
of branches of limited growth, sexual reproduction oogamous

2.12.2 Phylum II: Euglenophyta (Euglenoid Algae)

Chloroplast oval, diffuse or star shaped, chlorophyll a, b (some members colour-
less), motile flagellated, flagella one, two or three, unicellular, food reserve paramy-

lum starch.
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Orders: 1. Euglenales: Unicellular, zoospores and gametes absent
2. Colaciales: Colonial, cells attached on stalks, vegetative cell
metamorphos into a uni-flagellate zoospore, anterior end
downward in a mucilaginous capsule

2.12.3 Phylum III: Chrysophyta (Yellow: Green Algae)

Carotenoids or xanthophylls predominates, chloroplast variously shaped, food
reserve oil and leucosin, flagella present, two, unequal in length and morphology,
sexual reproduction isogamous or oogamous (rare)

Class (A) Chrysophyceae:
Orders: 1. Chrysomonadales: uniflagellate, temporary amoeboid stage
2. Rhizochrysidales: amoeboid, temporary flagellate stage
3. Chrysocapsales: non — motiles
4. Chrysosphaerales: unicellular or colonial, non — motile
5. Chrysotrichales: filamentous, branched, differentiation
in basal and distal cell
Class: (B) Bacillariophyceae (diatoms):
Orders: 1. Centrales: isodiametric or circular (top/valve view),

ornamented (pits, strie etc.), radial, cell walls without a raphe
2. Pennales: elongated cells, rectangular, crescent, valves with
a raphe or a pseudoraphe
Class: (C) Heterokontae (xanthophyceae):

Unicellular, colonial, filamentous, siphonaceous, carotenes predominate, flagel-
lated, two in number, unequal in length (i.e. heterokontae), reproduction isogamous,
anisogamous, 00gamous

Orders: 1. Rhizochloridales: unicellular, rhizopodial
2. Heterocapsales: non — motile, colonial, gelatinous
3. Hetercoccales: unicellular or colonial, autospores and internal
cell divisions for reproduction
4. Heterotrichales: branched or unbranched, differentiation
of basal and distal cells
5. Heterosiphonales: coenocytic
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2.12.4 Phylum IV: Pyrrophyta (Dinoflagellates)

Dorsiventrally differentiated, motile, flagella two, carotenes, xanthophylls and peri-
dinin predominates as pigments, food reserve starch or oil, reproduction by cell
division, cysts or rarely by conjugation (Ceratium)

Class:  (a) Desmokontae (Desmophyceae): Cells without a transverse furrow
(girdle) and with apical flagella

Class:  (b) Dinokontae (Dinophyceae): Cells with transverse and a
longitudinal furrow
Orders: 1. Gymnodiniales: Dinoflagellates without cell wall, periplast present
which may be spirally striated
2. Peridiniales: Dinoflagellates with a wall, wall contains definite plates,
specifically variable in number and arrangement
3. Dinocapsales: dinoflagellates, palmelloid, non — motile, enclosed
in a mucilagenous envelope, dinoflagellate type of zoospores present
4. Dinococcales: Dinoflagellate without plates in wall, stationary,
occurring as attached or free floating cysts, dinoflagellate type
of zoospores present but do not carry an ordinary cell division
5. Dinotrichales: Simple or sparingly branched, filaments,
creeping and prostrate, dinoflagellate type of zoospores present

2.12.5 Phylum V: Phaeophyta (Brown Algae, Brown Seaweeds)

Thalli may be erect or prostrate, branched, tufted, fronds or foliose, pigment fuco-
xanthin, food storage as soluble carbohydrate, reproductive cells motile, reproduc-
tion by zoospores, isogamous, anisogamous or heterogamous.

Sub — phylum (1): Phaeosporeae

Class:  (a) Isogeneratae: alternation of similar generations. Orders: 05
Orders: 1. Ectocarpales: branched, uniseriate, forms bushy tufts, differentiation
of basal and distal cells, microscopic to macroscopic, reproduction
isogamous and anisogamous
2. Sphacelariales: branched, multiseriate filaments, apical cell present,
reproduction isogamous
3. Cutleriales: branched, flat, ribbon like or flat, hairs present at the tips
of branches, isomorphic alternation of generation
4. Dictyotales: frond like, branched ribbon, holdfast present, growth
by apical cell
5. Tilopteridales: branched, uniseriate filaments, differentiation
into basal and distal cell, asexual reproduction by non —
motile monospores
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Class:  (B) Heterogeneratae: alternation of dissimilar generations. Orders: 05
Orders: 1. Chordariales: consist of erect or crustose like thalli
2. Sporochnales: thallus branched, sporophytic, hairs present at the
apices, grouped sporangia with in a swollen receptacle,
growth intercalary
3. Desmarestiales: thallus frond — like, trichothallic growth,
heteromorphic alternation of generation
4. Dictyosiphonales: tubular sporophyte, saccate or foliaceous thallus,
heteromorphic alternation of generation
5. Laminariales: large frond, holdfast present, heteromorphic alternation
of generation

Sub — phylum (2): Cyclosporae:

Plants frond like with distinct holdfast, reproduction only by spores, no gameto-
phytic generations, reproduction oogamous, conceptacles present.

2.12.6 Phylum VI: Rhodophyta (Red Algae)

Dominant pigment Phycoerythrin, floridean starch as food storage product, no
motile cells.

Sub — phylum (1): Bangiodeae:

Orders: 1. Porphyridiales: unicellular forms
2. Goniotrichales: filaments uniseriate or multiseriate, reproduction
by cell division and monospore
3. Bangiales: filaments or fronds uniseriate or multiseriate, reproduction
by monospores or carpogonia
4. Compsopogonales: filamentous, branched, arbuscular,
monopsores present, carpogonia absent

Sub — phylum (2): Florideae:

Orders: 1. Nemalionales: mostly multiaxial, reproduction by carpogonia,
tetrasporophyte present in some
2. Gelidiales: uniaxial, branched filaments, carpogonial branch simple,
auxiliary cell absent, tetrasporophyte present
3. Cryptonemiales: erect, encrusted with calcium, uni or multiaxial,
specialized carpogonial filaments present which may be clumped,
auxiliary cells present, tetrasporophyte present
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4. Gigartinales: branched, erect or prostrate, filamentous, membranous,
carpogonial branch short and unspecialized, auxiliary cells present
and is formed from a vegetative cell in an unspecialized cell,
tetrasporophyte present

5. Rhodymeniales: multiaxial, carpogonial branch short, auxiliary cells
present and grows from supporting cell, tetrasporophyte present

6. Ceremiales: auxiliary cell present which grows from supporting
cell following fertilization, carpogonium is formed from supporting
cell, tetrasporophyte present

2.12.7 Phylum VII: Cyanophyta (Blue — Green Algae)

Unicellular, colonial, filamentous, phycocyanin predominates as pigment, cells
without true nucleus, motile cells absent, sexual reproduction absent.

Sub — phylum (1): Coccogoneae:

Orders: 1. Chroococcales: spherical cells, unicellular or colonial,
reproduction only by fission
2. Chamaesiphonales: elongated or club shaped cells, solitary, attached,
reproduction by spores
3. Pleurocapsales: cells arranged to form prostrate clumps or strands,
sometimes pseudofilamentous, reproduction by endospores

Sub — phylum (2): Hormogoneae:

Orders: 1. Oscillatoriales: filamentous, unbranched, with or without sheath,
no differentiation of cells
2. Nostocales: filamentous, unbranched, differentiation into heterocysts

. Scytonematales: filamentous, false branching, often forms tufts
4. Stigonematales: filamentous, branched, heterocyst present,

branching true
5. Rivulariales: filamentous, tapers from base to tip, sometimes

false branching present, heterocysts and akinetes present

W

2.12.8 Phylum VIII: Cryptophyta (Blue and Red Flagellates)

Compressed, unsymmetrical or flagellated slipper shaped cells present, xantho-
phylls or chlrophylls present, food reserves starch like.

Orders: 1. Cryptomonadales: motile cells
2. Cryptococcales: non — motile cells, zoospores present
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2.12.9 Phylum IX: Chloromonadophyta (Chloromonads)
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Unicellular, biflagellate, chlorophyll predominates, food reserve oil, trichocysts

present.

Orders: 1. Chloromonadales

2.13 Classification Proposed by F. E. Round (1973)

F. E. round divided algae again on the basis of presence or absence of true nucleus,
membrane bound organelles and phylogenetic relationship etc. He classified algae
into 12 phyla and further into classes.

The classification proposed by Round is

S. No.
1.
2.

Group
Prokaryota
Eukaryota

Phylum
Cyanophyta
Euglenophyta
Chlorophyta
Charophyta
Prasinophyta
Xanthophyta
Haptophyta
Dinophyta
Bacillariophyta
Chrysophyta
Phaeophyta
Rhodophyta

2.14 Classification Proposed by V. J. Chapman
and D. J. Chapman (1973)

They classified algae into Prokaryota and Eukaryota which were further divided

into divisions and classes as:
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S. No.
1. Prokaryota
2. Eukaryota
2.15

Division

I. Cyanophyta
II. Rhodophyta
III. Chlorophyta

IV. Euglenophyta

V. Chloromonadophyta
VI. Xanthophyta

VII. Bacillariophyta
VIIIL. Chrysophyta

IX. Phaeophyta
X. Pyrrophyta

XI. Cryptophyta

Classification Proposed by H. C. Bold

and M. J. Wynne (1978)

Bold and Wynne followed the classification proposed by Papenfuss and they
accepted the use of “phyco” before “phyta” in algal divisions. They divided algae

into nine divisions as:

P. Baweja and D. Sahoo

Class

(a) Cyanophyceae

(a) Rhodophyceae
(a) Chlorophyceae
(b) Prasinophyceae
(c) Charophyceae

(a) Euglenophyceae
(a) Chloromonadophyceae
(a) Xanthophyceae
(a) Bacillariophyceae
(a) Chrysophyceae
(b) Haptophyceae

(a) Phaeophyceae

(a) Dinophyceae

(b) Desmophyceae
Cryptophyceae

S. No. Divisions

1. Cyanochloronta

2. Chlorophycophyta
3. Charophyta

4. Euglenophycophyta
5. Phaeophycophyta

6. Chrysophycophyta
7. Pyrrophycophyta

8. Cryptophycophyta
9. Rhodophycophyta

2.16 Classification Proposed by S. P. Parker (1982)

Parker classified algae into Prokaryota and Eukaryota based on presence or absence
of membrane bound organelles. His classification is proposed as:
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S. No.

Group Division

Prokaryota Cyanophycota
Prochlorophycota
Eukaryota Rhodophycota

Chromophycota
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Class

(a) Cyanophyceae
(a) Prochlorophyceae
(a) Rhodophyceae
(a) Chrysophyceae

Euglenophycota
Chlorophycota

(b) Prymnesiophyceae
(c) Xanthophyceae

(d) Eustigmatophyceae
(e) Bacillariophyceae
(f) Dinophyceae

(g) Phaeophyceae

(h) Raphidophyceae
(i) Cryptophyceae

(a) Euglenophyceae
(a) Chlorophyceae

(b) Charophyceae

(c) Prasinophyceae

2.17 Classification Proposed by R. E. Lee (2008)

Lee classified algae in two groups Prokaryota and Eukaryota which were further
divided into divisions. Prokaryota has just one division Cyanophyta, whereas
Eukaryota were further divided on the basis of nature of chloroplast membrane.

S. No. Groups Divisions Class
Prokaryota | I (i) Cyanophyta Cyanophyceae
Eukaryota | II. Chloroplast surrounded | (b) Glaucophyta
by the two membranes of (¢) Rhodophyta
the chloroplast envelope (d) Chlorophyta
III. Chloroplast surrounded | (a) Euglenophyta
by one membrane of (b) (Euglenoids)
chl.oroplast endoplasmic (¢) Dinophyta
reticulum () (Dinoflagellates)
IV. Chloroplast surrounded | (a) Cryptophyta
by two membranes of (cryptophytes)
chloroplast endoplasmic (b) Prymnesiophyta | Prymnesiophyceae
reticulum envelope (haptophytes)
(c) Heterokontophyta | Chrysophyceae
(heterokonts) Synurophyceae
Dictyophyceae
Pelagophyceae
Bacillariophyceae
Raphidophyceae
Xanthophyceae

Eustigmatophyceae
Phaeophyceae



52 P. Baweja and D. Sahoo

2.17.1 Group I: Prokaryota

DivisionI Cyanophyta
Class I Cyanophyceae

Pigments: Chlorophyll a; phycobilliproteins

2.17.2 Group II: Eukaryota (Chloroplast Surrounded by the Two
Membranes of the Chloroplast Envelope)

DivisionI  Glaucophyta
Represent intermediate position in the evolution of chloroplast; endosymbiotic
cyanobacteria carries out photosynthesis

Division I Rhodophyta
Pigments: chlorophyll a, phycobilliproteins; no flagellated cells;
storage product is floridean starch

Division Il Chlorophyta
Chlorophylla a and b, storage product: starch inside chloroplast

2.17.3 Group III: Eukaryota (Chloroplast Surrounded by One
Membrane of Chloroplast Endoplasmic Reticulum Envelope)

Division]  Euglenophyta (euglenoids)

Pigments: chlorophyll a and b, one flagellum with a spiraled row

DivisionII Dinophyta (dinoflagellates)

2.17.4 Group IV: Eukaryota (Chloroplast Surrounded by Two
Membrane of Chloroplast Endoplasmic Reticulum Envelope)

DivisionI  Cryptophyta (cryptophytes)
Nucleomorph is present between inner and outer membranes of chloroplast
endoplasmic reticulum; pigments: chlorophyll a and c, phycobiliproteins
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Division I Prymnesiophyta (haptophytes)

Class 1 Prymnesiophyceae

Pigments: chlorophyll a, ¢ 1, ¢ 2, fucoxanthin; flagella: two, whiplash;
storage product: chrysolaminarin found in vesicles in cytoplasm;

cells are commonly covered with scales

Division Il Heterokontophyta (heterokonts)

Class 1 Chrysophyceae

Chlorophyll a and ¢ 1 and sometimes c¢ 2; fucoxanthin; flagella: two,

anterior tinsel and posterior whiplash; storage product: chrysolaminarin

Class 11 Synurophyceae

Plant body bilaterally symmetrical; flagella: two; chloroplast endoplasmic
reticulum absent; chlorophyll C 1 absent

Class III Dictyophyceae

Tentacles or rhizopodia present; chlorophyll C 1

Class IV Pelagophyceae

Unicellular, cells small and appears as indistinct protoplasm

Class VI Bacillariophyceae

Cell wall silicified; pigments: chlorophyll a, ¢ 1 and ¢ 2; fucoxanthin;

flagella: absent

Storage product: chrysolaminarin

Class VII Raphidophyceae

Pigments: chlorophyll a and c; flagella: two, anterior tinsel, posterior whiplash
Class VIII Xanthophyceae

Chloroplast has an eye spot; chlorophyll a and e present; flagella: anterior tinsel,
posterior whiplash

Class IX Eustigmatophyceae

Unicellular; fresh water and terrestrial; pigments: chlorophyll a,  carotene,
violaxanthin, vaucherioxanthin; pyrenoids: present polygonal, absent in zoospores
Class X Phaeophyceae

Mostly marine; pigments: fucoxanthin, chlorophyll a, ¢ and carotene; cell wall:
alginic acid, fucinic acid, cellulose; reserve food material: laminarin
(polysaccharide), manitol (alcohol), fat; pyrenoids: present; flagella:

presentin zoospores, one is tinsel type; sexual reproduction: isogamy to oogamy
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Cyanobacteria

Sunaina Zutshi and Tasneem Fatma

1 Introduction

Cyanobacteria are the oldest oxygenic photoautotrophs on earth i.e. they utilize
energy from sunlight accomplish numerous upregulation of cellular metabolic activ-
ity. Like green plants and true algae, they produce oxygen and also get their food in
an identical manner. They have the capacity to colonize almost all conceivable habi-
tats due to their supplementary capability to synthesis of compound with the help of
radiant energy resourcefully (Van Liere and Walsby 1982). Few species have anoxy-
genic photosynthesis probability (Cohen et al. 1986). Many species have capacity to
grow heterotrophically in the dark (Smith 1982; Bastia et al. 1993). All cyanobacte-
ria contain prokaryotic cell organization, the photosynthetic pigment chlorophyll a,
plus accessory pigments phycobiliprotein. Cyanobacteria are commonly known as
“blue green algae” as their principal pigment is a bluish green C-phycocyanin. They
may be unicellular or multicellular, free living or colonial unbranched filamentous or
branched filamentous, heterocystous or non heterocystous, aquatic or terrestrial in
nature. In fresh planktonic forms gas vacuole are present which increase nutrient
availability because of diurnal vertical mixing in water column (Gibson and Smith
1982). Polysaccharide sheath protect trichome against desiccation (Whitton 1987).
They differ from other algae as they don’t have well organized cell organelle and
their pigments are not restricted to definite chromatophores, but are distributed
throughout the peripheral cytoplasm. Their nucleus is of primitive type which lack
nuclear membrane and nucleolus. They do not have flagella and their movement is
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brought about by gliding action that allows them to hunt for optimal conditions. They
lack sexual reproduction. Cyanobacterial biomass is economical than bacteria and
also secret restriction enzymes which are commercially available, can be promoted
at low cost like various Anabaena, Microcoleus, Nostoc sp. (Elhai and Wolk 1988).
Cyanobacteria has drawn worldwide attention for possible use in photoproduction of
biofuels, NH; scrubbing of excess atmospheric greenhouse gases including CO,,
production of various secondary metabolites, vitamins, toxins, cosmetics, dairy
products, food grade dyes and other therapeutic substances.

2 Cell Structure

The cyanobacteria have prokaryotic organization. They lack membrane bound
organelles. The internal membranes which separate DNA from cytoplasm, photo-
synthetic and respiratory organelles are absent (Fig. 1).

Fig. 1 Cyanobacterial cell (Source: http://www.youarticlelibrary.com)
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2.1 Sheath

Outside the cell wall is present mucilaginous sheath which consist of three layers of
microfibrils reticulately arranged within an amorphous matrix. The sheath retains
absorbed water which is useful during the period of desiccation and for sloughing
off parasite.

2.2 Cell Wall

Inside the sheath is present a double layered cell wall, a very rigid structure that
gives shape to the cell. The inner layer is made of mucopeptide and muramic acid.
Electron microscopy studies showed that the wall consist of four layers. Each layer
is 10 nm thick. The second (L-II) layer has mainly peptidoglycan and first (L-I) lie
next to plasmalemma. In structure and function the cell wall is similar to the gram
negative bacteria. The cell wall in both is composed of mucopeptide together with
carbohydrates, amino acids and fatty acids.

2.3 Plasma Membrane

Beneath the cell wall is present plasmalemma. This membrane invaginates inside
the cells, which are considered sites for biochemical reactions and functions
normally associated with mitochondria, endoplasmic reticulum and golgi bodies in
Eukaryotic cells.

2.4 Photosynthetic Apparatus

Membrane bound plastids are absent, instead pigments are found embedded
within lamellae composed of two membranes joined at the ends. The structures
are known as thylakoids. They appear as elongated, flattened sacs consisting of
two unit membranes, each about 75 A° thick. Adjacent thylakoids are separated
from each other by a space of 50 nm, occupied by contiguous rows of discoidal
phycobilisomes that transfer light energy to phytosystem II reaction centers like
chlorophyll b, c, d. They are able to dissolve in water and balanced in solution and
poor light sensitive. The basic subunit of a phycobilisome consists of apoproteins
a and B, each of which is attached to a chromophore (Anderson and Toole 1998;
Samsonoff and MacColl 2001). In the core of the phycobilisome a and f are
attached to allophycocyanins, which are adjacent to chlorophyll in the energy
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transmission way. In the outer rods, a and P are attached to phycocyanin. The a
and  molecules are assembled into hexamers (a; and p;) cylindrical in shape and
are joined together by linker polypeptides. The hexamers that make up the core of
the phycobilisomes are assembled in pairs, wit-h the hexamers of the rods radiat-
ing from the core. The linker polypeptides are basic whereas the hexamers are
acidic; this proposes that electrostatic interactions are important in assembling
phycobiliproteins. There are high-molecular-weight polypeptides that anchor the
phycobilisomes to the area of the thylakoid membrane that contains the reaction
centre and associated chlorophylls (Fig. 2).

Fig. 2 Cyanobacterium (Synechococcus) phycobilisome (Adapted from Grossman et al. 1993)



Cyanobacteria 61

Structurally phycobilin, are chromoproteins in which the prosthetic group (non-
protein part of the moleculeor chromophores is a tetrapyrole bile pigment) known
as phycobilins and is tightly bound to the apoprotein (protein part of the molecule)
moiety by covalent linkage and it’s difficult to separate the pigments from apopro-
tein. The cyanophyceae have four phycobiliproteins: c-phycocyanin (A, 620 nm)
and allophycocyanin (A,,,x 650 nm), c-phycoerythrin (A, at 565 nm), and phyco-
erythrocyanin (A, at 568 nm). All cyanobacteria contain the first two, whereas
c-phycoerythrin and phycoerythrocyanin occur in few species.

2.5 Intra Cytoplasmic Inclusions

Inside the plasma membrane various kinds of inclusion have been found in cyano-
bacteria like.

I. Cyanophycin granules — Are enormous and frequently found near the cross-
walls of filamentous forms and are composed of a polymer (arginine and aspar-
agine) which utilize as nitrogen replacement.

II. Polyhedral bodies (now called carboxysomes) — Contain important enzymes,
ribulose diphosphate carboxylase.

Ill. Polyphosphate bodies (volutin) — Sources of phosphate for the production of
nucleic acids, phospho lipids and ATP.

IV. Polyglucoside bodies — Similar to o granule which are known to store carbon
and energy in the form of carbohydrate. They areknown to function in blasting
the cell and play a role in buoyancy regulation.

V. Poly-beta-hydroxybutyric acid — is biopolymer found exclusively in prokary-
otes in which it act as a storage and is also used as proplastic e.g., Spirulina and
Nostoc muscorum

2.6 Gas Vacuoles

Cyanobacterial gas vacuoles are not tonoplast bound, instead they are made of pro-
tein cylinders which are hollow packets. These vacuoles contain metabolic gases
and function as gas vesicles that help cells move upward, towards the light, where
photosynthesis can occur more readily. When many vesicles are present, cyanobac-
terial cells tend to float. If photosynthesis increases cell contain higher concentra-
tion of sugars that increases the turgidity and collapsing of the gas vesicle. Collapse
of gas vesicle causes cyanobacteria to sink. In deeper water respiration is performed
by cellular carbohydrates allowing gas vesicle to re-form as a result buoyancy
cycle continues and this can be interrupted by cyanobacterial blooms at the surface
(Fig. 3). These thick blooms may be unable to get sufficient resources to produces
sugars, which allow gas vesicles to remain intact.
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Fig. 3 (a) Filaments of Anabaena flos-aquae before and (b) after collapsing of their gas vacuoles
by pressure (Soure: Walsby 1992)

2.7 Nucleoplasm

Nucleolus and nuclear envelope are absent (no true nucleus), instead the DNA pres-
ent in the cytosol (cytosol = liquid component of the cytoplasm). Since DNA is not
associated with protein material (histone or protamines), organized chromosomes
are not found as in eukaryotic cells. RNA is present in addition to DNA.

3 Habitat

Cyanobacteria are genetically highly diverse and are found in a wide range of
habitats including ponds, lakes, rivers, oceans, temperate soils, geothermal waters,
desert soils, rocks, polar regions and hypersaline waters (Whitton and Potts 2000).
They form microbial mats, biofilms and benthic communities in relationship with
other entities. Occasionally they are found in certain life-threatening habitats like
thermal springs, hot deserts and Antarctica. Many fresh water cyanobacterial species
can tolerate and grow from O °C under ice to 26-35 °C in tropical zone. The opti-
mum temperature for thermophilic cyanobacteria may be 45 °C or more (Darley
1982). The soil is the best terrestrial cyanobacterial habitat as light, humidity,
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temperature; nutrient and pH are easily available for their growth. They are often
subjected to intense solar radiations. They counteract the harmful effects of ionizing
radiations in the ultraviolet region by synthesizing scytonemin and mycosporinin
like protein (Mushir and Fatma 2011). In the desert Microcoleus form crust during
favourable conditions. The filaments of Microcoleus are pushed out of their com-
mon sheath leaving behind polysaccharide material which on drying forms a
cementing layer which protects the soil against erosion. Cyanobacteria are capable
of independent existence in various environments but they also form symbiotic
association with an extensive variety of plants and animals e.g., with algae (dia-
toms), fungi (lichens), bryophytes (Anthroceros), pteridophytes (Azolla fonds),
gymnosperms (Cycas corolloid roots), angiosperms (Gunnera), non-photosynthetic
protists (Glaucophyta), protozoons (Euglena), marine sponges (Chondrilla nucula),
echiuroid (Bonellia fuliginosa) and corel reef (Prochlorococcus) (Carpenter 2002;
Bergman et al. 2007).

4 Classification

Taxonomy brings a stage to classify a specific entity to the levels of species. The
representation of ordering is termed as classification and phylogeny which aids to
hold patterns of descent of organism among the entities categorize. Due to algal-like
feature, they have a control of chlorophyll rather than bacteriophyll and they do not
have photosystem like algae and higher plants, they were called blue green algae.
Fritsch (1945) and Papenfuss (1955) recognized five orders of blue green algae.
These five orders have been distinguished on the basis of morphological features,
cell form, type of cell division and type of resulting colony, presence of inclusions,
polar granules, gas vacuoles specialized cells (akinetes and heterocysts).

I. ORDER: CHROOCOCCALES
They are fresh water, marine or terrestrial, unicellular or colonial forms; colo-
nies are without polarity; reproduction by fission or endospore; heterocyst and
hormogonia absent (e.g., Chroococcus, Gloeocapsa, Micocystis, Aphanocapsa)
(Fig. 4(i)).

II. ORDER: PLEUROCAPSALES
Fresh water or marine, filamentous; reproduction by endospores; heterocysts
not formed (e.g., Pleurocapsa) (Fig. 4(ii)).

III. ORDER: CHAMAESIPHONALES
Mostly marine, few freshwater, unicellular or colonial; colonies with distinct
polarity; reproduction by endospores or exospores; heterocyst and hormogonia
are absent (e.g., Chamaesiphon, Democarpa) (Fig. 4(iii)).

IV. ORDER: NOSTOCALES
Mostly fresh water, a few marine, filamentous algae; filaments not differentiated
into prostrate and upright system; multiplication by hormogonia; may or may not
have heterocyst; spore and akinetes present (e.g., Scytonema, Nostoc, Oscillatoria,
Gloeotrichia, Rivularia, Spirulina, Anabaena, Lyngbya) (Fig. 4(iv)).
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Fig. 4(i) (a) Chroococcus (b) Microcystis (¢) Aphanocapsa (Source: Mur et al. 1999)

Fig. 4(ii) Filamentous
Pleurocapsa (Source: Mur
et al. 1999)

V. ORDER: STIGONEMATALES
Freshwater, filamentous algae with distinct prostrate and upright filaments,
showing true branching, reproduce by hormogonia or rarely by akinetes, het-
erocyst present (e.g., Stigonema, Mastigocladus, Nostochopsis) (Fig. 4(v)).

Boone and Castenholz (2001) in Bergeys manual of systematic Bacteriology
showed Blue green algae are single celled (gram-negative eubacteria); i.e.,
absence of nuclei and other components and contain a distinctive cell wall made
of peptidoglycan and have numerous structures which distant them from other
bacteria, particularly their photosynthetic organelles and manufacture of free
oxygen by the light driven system. Hoffmann et al. (2005) proposed a ranking
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Fig. 4(iii) Unicellular Heteropolar Chamaesiphon (Source: Mur et al. 1999)

Fig.4(iv) (a) Nostoc, (b) Anabaena, (¢) Lyngbya, (d) Oscillatoria, () Scytonema, (f) Gloeotrichia,
(g) Rivularia, (h) Spirulina (After Smith 1950)

pattern and purse the International code of botanical nomenclature and taking all
features into consideration from phonological to gene level. They are classified
and entitled as cyanoprokaryota with three sub class Synechoccineae,
Oscillatorineae and Nostocineae. A group of light dependent microorganism
were kept in distinctive procaryotic class, the prochlorophyta, because of lack of
biliprotein and presence of chlorophyll (a &b), but on the support of genetic facts
former group is currently holding a specified position within the Cyanobacteria
and contains the species like Prochloroccus marinus (sea) and Prochlorothrix
(fresh water).
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Fig. 4(v) (a) Stigonema, (b) Mastigocladus, (¢) Nostochopsis (After Smith 1950)

5 Range of Thallus

Cyanobacteria exist in various morphological forms ranging from non-filamentous,
coccoid and palmelloid form to filamentous ones. But, in all the forms the cellular
structure and the functioning of the vegetative cells are basically the same.
The non-filamentous forms are mostly coccoids being either single cells (Chroo-
coccus, Synechococcus, Anacystis, Gleocapsa) or grouped in palmelloid colonies
(Gloeothece, Aphanocapsa). The coccoid forms are mainly spherical or sometimes
cylindrical or fusiform, multiplying in one/two/three directions. During division,
they form daughter cells which may readily separate out or may remain aggregated
forming characteristic colonies. These colonies are either microscopic or macro-
scopic in nature. They may be cubical/spherical/square/irregular depending upon
the planes and directions in which the cell divides. Merismopedia and Holopedia
colonies, where the cells are either tubular or cubical, form distinct pattern of
arrangement. Chamaesiphon represents a series of forms, where the organism has
got base and apex differentiation although it is unicellular in nature. Pleurocapsaa
and Hyella represent a group of non-filamentous forms with heterotrichous organi-
zation very similar to that found in most advanced cyanobacteria. The filamentous
form is the consequences of frequent cell divisions in one plane and in a single
direction producing a large number of uniseriate cells, forming a chain or a thread
like structure. The cells in the trichome are held tighter by separation walls or a
common gelatinous sheath. The trichome may be straight as in Oscillatoria, but in
Spirulina it is more or less permanently spirally coiled. In Rivularia it is whip-
like with upper-end tapering into a colourless multicellular hair. In Aphanizomenon,
the trichome tapers towards both the ends. In some genera, such as Oscillatoria
and Lyngbya, the filament may contain a single trichome, while in Microcoleus
and Hydrocoleus several trichomes are present in a single filament. Tolypothrix,
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Scytonema, Stigonema, Hapalosiphon, Westiellopis, Schizothrix exhibit different
types of branching of their filaments. In general, very little branching occurs in
cyanobacteria. The cyanobacteria belonging nostocaccae, rivulariaceae and stigone-
mataceae develop one or more special thick-walled cells, called heterocyst as
observed in Nostoc, Anabaena, Rivularia, Stigonema etc.

6 Special Cells

6.1 Akinetes

Akinetes (from the Greek “akinetes”, meaning motionless) are thought to function
as an asexual resting state that are capable of resisting harsh environments (winter)
and can germinate to form new cells when conditions improve. Akinetes are pro-
duced only by cyanobacteria that are also capable of producing heterocysts. They
are larger than vegetative cells and have thickened extra cellular envelope that
enlarge and fill with food reserves e.g., Nostoc, Stigonematales and Cylindrospermum
(Fig. 5). Akinetes and heterocyst contain greater quantities of storage compounds
glycogen & proteins (cyanophycin) and uphold low level of metabolic activities but
not vegetative cells. Akinetes are typically distinguished from heterocysts, by
absence of nitrogen-fixation and large size.

!
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a Germination of akinetes of cylindro spermum b N. muscorum C Anabaena

Fig. 5 (a) The germination of an akinetes of Cylindrospermum (Modified from Moore et al.
2004). (b) Nostc: A—B, germination of akinetes N. muscorum (c) germination of akinetes in
Anabaena
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6.2 Heterocysts

These are the special cells designed for nitrogen fixation and found in the members
of Nostocales and Stigonematales. The heterocysts have thick outer wall. Heterocyst
develops from vegetative cells before it enlarges in size. It forms a multilayered
envelop outside the cell wall and is also differentiated. The outer fibrous layer is
uniformly thick, whereas the middle (homogenous) and inner (thin lamellar) layer
are thicker at the polar ends. The thickness of walls restricts oxygen dispersal into the
cell, while enzymes neutralize O, that enter the cell. They arise from enlarged vege-
tative cells and are characterised by the presence of conspicuous pore at one or both
poles through these pores cytoplasmic continuity is maintained with adjacent vegeta-
tive cells. In a mature heterocyst the polar pores become plugged with a refractive
material (polar nodules), due to which their cytoplasmic connections with their cells
are broken. In terminal heterocyst the pore is usually present only at one end e.g.,
Gloeotricha whereas intercalary heterocyst have pores at both ends e.g., Nostoc and
Scytonema and rarely lateral as in Nostochopsis. They may be solitary or in pairs
(Anabaena). Heterocyst contains dense and homogenous cytoplasm (Fig. 6).

They contain mostly carotenoids hence yellowish in colour. Like cyanobacterial
cell they show Occurrence of Chl a, but nonappearance of phycobiliprotein.
Some mechanisms of the photosystem are down-regulated. Absence of rubisco and
inactivation of PS II leads them to neither do carbon dioxide fixation nor oxygen

Homogeneous Layer Thylakoids e

Plasma Membrane

Polar Nodule
Plasmodesmata
L1 L-2 L-3 L4

Inner Layer

Laminated Layer

Fig. 6 The ultrastructure of a heterocyst in L.S. (diagrammatic) (After Waterbury and Stainer
1977)
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production. Thylakoids (lamellae) are tightly packed and become concentrated near
the periphery in a complex reticulate manner. These lamellae contain two lipids,
glycolipids and acyl lipids which are not found in vegetative cells. There is gradual
dissolution of storage granules and breakdown of photosynthetic thylakoids and
sometimes these lamellae may form swollen vesicles and they become concentrated
along the periphery and at the poles.

6.2.1 Function of Heterocyst

Early workers considered heterocyst as dead cell, thus having no functions. According
to (Brand 1903) if heterocyst is removed from the trichome, sporulation is inhibited.
The vegetative cells adjacent to heterocyst sporulate earlier than those away from it.
Canabaeus (1929) found a sort of connection between the formation of gas vacuole
and heterocyst. According to Fogg (1944) these are the sites for salt accumulation.
Fritsch (1951) suggested that it also stimulates growth and cell division.

Fay et al. (1968) considered heterocyst as N,-fixing organ particularly under
aerobic conditions. Its thick wall restricted O, entry in to the heterocysts and protect
nitrogenase inaction in presence of oxygen. Important heterocystous filamentous
nitrogenfixing formsareAnabaena,Aulosira, Nostoc, Tolypothrix, Cylindrospermum,
Mastigocladus, Anabaenopsis, Calothrix and Scytonema. Whereas few non hetero-
cystous forms underneath anaerobic conditions also fix atmospheric nitrogen (e.g.,
Plectonema boryanum).

Nitrogenase reduces nitrogen gas into ammonia which in turn is metabolized to
glutamine in the presence of enzyme glutamine synthetase (GS). Now this glutamine
is then transported from heterocyst to the adjacent vegetative cell, where it is
converted into glutamate by the enzyme glutamine oxoglutarate aminotransferase
(GOGAT). Both glutamine and glutamate, by various transamination reactions,
form other amino acids. The fixed nitrogen may be utilized in number of ways like
it is assimilated by the cyanobacteria themselves. Soluble nitrogenous compounds
are liberated from healthy cells into the culture medium and after death the nitrog-
enous compounds are broken down into ammonia, which is eventually converted
into nitrate by nitrifying bacteria. During development of heterocyst three DNA
excision events take place that allows expression of nitrogen fixing genes.

6.3 Hormogonia

Hormogonia are formed by a broad range of cyanobacteria and consist of short,
non-heterocystous filaments of cells which are often smaller than the cells of the
vegetative trichome from which they are derived (Rippka et al. 1981). They are
commonly found in Nostoc, Oscillatoria and Cylindrospermum. Hormogonia
possess gliding motility unlike the vegetative trichome (Rippka et al. 1981). Many
hormogonia also produce gas vacuole giving them buoyancy and this together with
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Fig. 7 (a, b) Hormogonia
formation in Oscillatoria
(After Smith 1950)

their motility makes them effective agent of dispersal (Mohan et al. 1992).
Hormogonia are relatively transient morphological form. After a short time motility
is lost and under nitrogen deficient conditions, heterocysts develop at positions
which are specific to the genus involved. (Fig. 7).

7 Reproduction

Vegetative and asexual mode of reproduction is present. Vegetative reproduction
accomplish by cell division, fragmentation and hormogonia formation. Unicellular
forms exhibit binary fission, while filamentous multicellular forms and colonial
forms exhibit disintegration, in which sections of the organism become separated
from the parent, drift away, and mature into new individuals. Exospores and endo-
spores are products of successive bipartition and are characteristic of the chamaesi-
phonales and pleurocapsales. The liberated endospores germinate immediately
without a resting periods. Besides, a variety of asexual bodies such as hormogonia,
hormocysts, nannocytes and akinetes also facilitate their vegetative propagation
(Waterbury and Stainer 1978). Sexual reproduction is absent (Sex organs, gametes
and flagellated zoospores are altogether absent), however, in some species (e.g.,
Anabaena, Nostoc, Synechoccus and Cylindrospermum) genetic recombination has
been reported. Conjugation has not been observed in cyanobacteria.
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8 Economic Importance of Cyanobacteria

It is important to exploit aquatic resources for the growing food and industrial
requirement of the world. The possible use of aquatic blue-green algae for the
productivity of natural resources like vit. Antibiotics, enzymes, pigments etc. has
been documented and exploited for various commercial purposes.

8.1 Cyanobacteria as Food Supplement

Among cyanobacteria Spirulina has immense profitable significance because of
high nutritive value, protein content (65—71 % of dry weight), low fat, high vitamin
(particularly By,) as well as essential fatty acids, y- linolenic acid which are easily
converted into arachidonic acid, prostaglandin E, in human body that has blood
pressure lowering action and smooth muscle contraction and take essential part in
fat absorption (Kulshreshtha et al. 2008). It also contains trace elements and a
number of uncharted bioactive compounds (Fig. 8). In China, the Spirulina industry
is supported by the State Science and Technology Commission as a natural strategic
program (Li and Qi 1997). Iron is well absorbed in Spirulina than any other supple-
ments. Subsequently, it thus signifies a sufficient source of iron in anemic pregnant
women (Pyufoulhoux et al. 2001). Spirulina platensis contains about 13.6 % carbo-
hydrate (Shekharam et al. 1987). Lack of cellulose in its wall, makes it an suitable
and vital foodstuff for individuals with problems of poor intestinal absorption and
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Fig. 8 A streamlined biosynthesis outline of fatty acid (Adapted from Sayanova and Napier 2004)
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elderly patients (Richmond 1992). A novel polysaccharide “Immulina” is highly
water soluble, high molecular weight, and immuno stimulatory. It has been isolated
from Spirulina (Pugh et al. 2001). It is a basic foodstuff in parts of Africa and
Mexico. Besides, Spirulina pills and capsules, there are also pastries, and Spirulina-
filled chocolate blocks. Since ancient times in many countries cyanobacteria are
served as a side dish. Most of the companies which are associated with blue green
produces a variety of products from which are commercially available like medi-
cines, fries, macaroni, liquescent extracts etc. and Cyanotech Company (Hawaii,
USA) established a method in desiccating a biological material in the interest of
evading the oxidation process of carotene and fatty acid. They also sell the products
in powder form named Spirulina pacifica.

Aphanizomenon flos-aquae is sold as food in California as health supplement
since the early 1980s. In 1998, 10 -10¢kg (dry weight) was marketed with a value of
$100 million (Carmichael et al. 2000). The colonies of Nostoc commune are boiled
and are used as food in China and Java (Gao and Ye 2003). In Mexico City N. com-
mune and Brachytrichia “are sold as small cakes that are used for making breads
with cheese flavour.” Anabaena is also consumed as human food in Santiago, South
America, North United States and south china.

8.2 As Feed

Blue green algae especially Arthospira is used as feedstuff for extensive diversity of
wildlife like felines, canines, aquarium fishes, cattle, intimidates and breeding bulls.
Cyanobacteria affect the morphology and physiology of the their dependent
organism. In fact, 50 % of the present world production of Arthrospira is used as
food supplement (Yamaguchi 1997). In 1999, the output of cyanobacteria for aqua
farming reached 1000 t (62 % for molluscs, 21 % for shrimps, and 16 % for fish)
cyanobacteria (Spirulina) can be used up to a level of 5-10 % as incomplete replace-
ment for conventional feed (Muller-feuga 2004). Phormidium valderianum BDU
30501 is used as aquaculture feed source having nutritional qualities (Thajuddin
and Subramanian 2005).

8.3 Therapeutic and Chemopreventive Applications

Cyanobacterial pigments, especially phycocyanin, allophycocyanin, and phycoer-
thrin show strong antioxidant, anti-inflammatory, antitumour action. They show
stimulation of immune system and ability to treat ulcer and haemorrhoidal bleeding.
It lowers the risk of heart disease and defends against old age-linked disease
(Subhashini et al. 2004; Bhaskar et al. 2005). Cyanobacterial phycocyanin selec-
tively stops cytochrome oxidase 2 (COX-2), which is over expressed in mammary
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glands sarcoma; having not any effect on COX_1 (Reddy et al. 2000). Alzheimer’s
and Parkinson’s illness can be healed by CPC (Rimbau et al. 2001), and prevent
mouth and skin tumours. Phycocyanin of Spirulina plays a major role in treatment
of renal failure caused by mercury and pharmaceutical drug. The antioxidant
property is enhanced by B- carotene, lycopene, and luteint that are abundant in
cyanobacteria. Besides it also exhibit neuroprotective, hepatoprotective and
anticancer property (Reddy et al. 2000, Becker 2004).

Presence of eicosapentaenoic acid and linolenic acid in cyanobacteria offer good
scope for the study of these organisms. They have a steroid decrease impact in crea-
tures and humans being due to the presence of enzyme lipoprotein lipase. The level
of the total sterol was decreased experimented on rat serum when cyanobacterial
biomass was added with foodstuff having high cholesterin content (Iwata et al.
1990). Chlorophyll in Apbanizomenon flos-aquae show hypocholesterolemic effect,
which the liver function and reduces blood cholesterol level (Vlad et al. 1995). It
also constrains the activity of a maltase and sucrase in the digestive tract of rats
(Kushak et al. 1999) and indicates faster retrieval from minor shocking brain injury
(Valencia and Walker 1999). It shows robust toxicity towards leukemic cell lines
and hinders tubulin polymerization by binding at colchicine site (Lai and Yu 1996).
Administration of Spirulina brought about a significant decrease in blood sugar in
non-insulin dependent diabetes (Khrusheed et al. 2012; Anwer et al. 2012). Clinical
and biochemical evaluation of Spirulina showed successful use in treatment of
obesity, of acute anaemia and improvement of haemoglobin in humans administra-
tion of Spirulina at 2-5 g/day. Patient suffering from rheumatoid arthritis-fed with
Spirulina fusiformis showed marked improvement and decrease in pain and swelling
(Mohan 1992). Spirulina promotes the development of Lactobacillusacidophilus
and other probiotics. It also showed antiviral activity against Herpes, Influenza and
Cytomeglo- virus (Blinkova et al. 2001). Spirulina can prevent HIV- I duplication
in humanoid derived T- cell and in humanoid marginal blood mononuclear cells
(Ayehunie et al. 1998). Cyanobacterial extracts of Hapalosiphon show antimycoba-
terial activity, antibacterial activity (Rao et al. 2007; Bhaleya et al. 2006). They also
have photodynamic therapy and uses in other clinical applications (Panday et al.
2009; Kyadari et al. 2014).

8.4 Cyanobacteria Produce Secondary Metabolites

They are distinguishing the utmost favorable cluster of entities which produces new
and biochemically active usual goods are separated. Cyanobacteria produce various
bioactive compounds and extensive range of toxins (Fig. 9). Apart from cytotoxicity
they show antitumor, antiviral, antibiotics, antimalarial, multi-drug resistance
reversers and immuno suppressive properties (Burja et al. 2001). Besides the
immune effects, blue green algae recovers metabolic rate.



74 S. Zutshi and T. Fatma

' ——————__|Polysaccharides
(Glycosides,
{} aminoglycosides)

Phosphoenolpyruvate Pentose-phosphate Purines and
E——

pathway pyrimidines

Cinnamic acid derivatives,
aromatic amino acids and
other compounds,

Shikimate  |——ot——— . .
Mycospornes-like amino
acids

5 pathway
ot
Aliphatic

amino acids
Malonyl-coA ———1| Fatty acids
(Polyphenoles)
Acetyl-Coa |[——— ——

Isoprenoids (terpenoids,

Mevalonate ) )
pathway ——— steroids and carotenoids)

Fig. 9 Systematic representation of metabolites biosynthesis (Modified from Burja et al. 2001)

8.5 Agriculture Purpose

Cyanobacterial biofertilizer are excellent renewable natural nitrogen resources for
many crops (Mahmoud et al. 2007; Ali Laila and Mostafa Soha 2009). Cyanobacteria
(e.g., Anabaena, Nostoc, Clothrix, Oscillatoria, Tolypothrix) enhanced seed growth
and development. Both quality and quantity of grains/crop were enriched. By using
suggested amount 50 % inorganic N, fertilizer might be protected by means of cya-
nobacterial biofertilizer (Mahmoud et al. 2007; Ali Laila and Mostafa Soha 2009;
Amal et al. 2010). Azolla — Nostoc association has been used as green manure in rice
fields of South China, Vietnam, and India (Lumpkin and Plucknett 1980). Blue-
green algae also help in reclamation of saline and alkaline soils. The growth of
cyanobacteria in saline and alkaline water-logged fields results in decline in pH and
increase in P, N and organic contents and thus converting it into fertile and cultiva-
ble land. It can also enhance minerals (P and K) contents in soil which promote
indirectly the development of plant (Selvarani 1983; Brijvir 1992) various Anabaena
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sp., produces ammonia, while Aphanocapsa and Porphyri-diumcruentum produces
polysaccharide (Hameed and Ebrahim 2007). Cyanobacterial isolates capable of
mineralizing organic phosphorus have phosphatase activity (Giraudet et al. 1997).

Cyanobacterial extracts include an abundant amount of bioactive compounds
that effect plant growth and development. The most common growth regulators are
gibberellins, auxin, cytokinin, ethylene and abscisic acid that improve growth and
production of plants like Daucus carota (Wake et al. 1992), Santalum album (Bapat
et al. 1996), Oryzae sativa (Storni et al. 2003), Lilium alexandrae hort (Zaccaro
et al. 2006) and Beta vulgaris L. (Aly et al. 2008).

Cyanobacteria Nostoc muscorum has been shown to influence antifungal action
on soil fungi and particularly those produce diseases (De Caire et al. 1976, 1987,
1990; Mule et al. 1977), other fungi producing wood blue stain (Zulpa et al.
2003), lettuce white mould caused by Sclerotinis sclerotiorum (Tassare et al. 2008).
N. muscorum can also be used for biocontrol of insects. These penetrate and scratch
waxy covering on the body of the insects leading to its death due to dehydration.
Synechocystis PCC 6803, Agmenellum quadruplicatum PR-6 and Anabaena PCC
7120 are used in mosquito biocontrol (Ngalo et al. 2008; Khasdan et al. 2003).

8.6 Biological Remeditaion

Throughout the world’s ever growing population and industrial advancement results
in environmental pollution problem e.g., heavy metal, pesticides that are not easily
biodegraded and persist in the environment. The removal of such pollutants from
wastes prior to disposal, are absolutely essential. The success of bioremediation is
dependent on the selection of appropriate micro-organism with precise ecological
state. Cyanobacteria (especially those capable of diazotrophic growth) offer distinct
advantages as potential biodegradation organism, since their survival is not depen-
dent on the presence of high concentration of organic compounds.

8.6.1 Heavy Metals Degradation

Microorganisms and microbial products can be extremely effective as bio accumu-
lators of soluable and particulate forms of metals, exclusively from dilute external
medium. It is of two types: non metabolic and metabolic which operate in isolation
or together. Survival of organisms in metalliferous environment may be by
compartmentalization of metals in vacuole, cell wall, polyphosphate bodies (Jensen
et al. 1982), metal tolerant enzymes/antioxidant enzymes and substrates (Chadd
et al. 1996). Production of metal binding proteins (Reddy and Prasad 1992; Mallick
et al. 1994), adenylated nucleotides (Palfi et al. 1991) and sidophores (Uma and
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Subramanian 1994). The mechanism of metal removal by microbes is generally
active process and occurs in two phases: (i) A rapid binding of caution to the
negatively charged groups of cell walls and (ii) followed by a subsequent metabo-
lism dependent intracellular uptake (Gipps and Coller 1980; Norris and Kelly 1977).
The nonmetabolic (biosorption) is rapid and reversible accounting for about 90 %
of total heavy metal uptake. This process is more promising for commercial
development as the organism can be used in multiple cycles (Darnell et al. 1986)
and have an edge over conventional waste water treatment facilities (Modak and
Natrajan 1995). One of the commercial products available is Alga Sorb™,
Biorecovery Inc New Mexico (Spirulina and Chlorella) which is based on biosorp-
tion phenomenon. Immobilized cyanobacteria have more potential in metal removal
than their free living counterpart e.g., Anabaena doliolum (Singh et al. 1989; Gijzen
et al. 1988; Rai and Mallick 1992).

8.6.2 Pesticides Degradation

The bioaccumulation and biomagnifications of residual insecticides in phytoplank-
ton’s which constitute the prime makers in the food cycle are biologically and
toxicologically significant. It is well established that cyanobacterial biomass have
larger surface area attracting biophilic pesticide molecules thus helping in predicting
the impact of pollution in aquatic system, removal of toxicants from waste water
and as bioassay organisms. Depending on the type, biological property and concen-
tration of pesticides and the algal strains, their effect could be inhibitory, selective
or even stimulator. It has been observed that cyanobacterial forms used in biofertil-
izers are capable of tolerating pesticides levels recommended for fields applications.
Cyanobacteria have been reported to accumulate very high concentration of insecti-
cides. Synechococcus elongates, Anacystics nidulans and Microcystes aeruginosa
degrade many organophosphorus and organochlorine insecticides from the aquatic
system (Kruitz 1999; Vijayakumar 2012).

Cyanobacteria have the ability to damage naturally occurring aromatic com-
pounds, including naphthalene (Cerniglia et al. 1980a, b), phenanthrene (Narro
et al. 1992) phenol and naphthalene (Ellis 1977). Methyl parathion degradation by
cyanobacteria has been demonstrated by (Megharej et al. 1994).

8.6.3 Dye Degradation

Synthetic dye released in the environs by the industries have complex aromatic
structure, this feature makes it constant and hard to biodegrade. In an aquatic
environment the dye not only affects the aquatic plants but also create toxic and
mutagenic products. Decolourization of these dyes by physical or chemical methods
has commercial and organizational disadvantage. Biologic degradation of synthetic
dyes takes place due to discharge of laccase, lignin peroxidase, manganese peroxi-
dase (Wong and Jian 1999; Lopez et al. 2004). Laccases, benzenediol, oxygen
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oxidorectase are multicopper containing enzymes, often extracellular in nature.
They utilize molecular O, to oxidize an extensive range of aromatic and nonaro-
matic mixtures by a fundamental catalyzed mechanism (Polaina and Mac Cabe
2007; Couto 2007). Due to its low specificity its marketable and biotechnological
impact is great (Viviane et al. 2009). Cyanobacterial laccase can be used for
decolourization of synthetic dye (Afreen and Fatma 2013).

Biofeul

Global warming, exhaustion of fossil fuels and cumulative rate of petroleum had
enforced us to hunt for alternate, ecological, renewable eco-friendly well-organized
and profitable energy sources. Biomass can function as an exceptional substitute to
fulfil the current and upcoming fuel demands. Any form of fuel produced from
biological material is called biofuel. Cyanobacteria are used for the manufacture of
biofuels in a productive, reasonable and ecofriendly manner. Few biofuel producing
cyanobacteria are Nostoc sp., Phormidium angustissimum TISTR 8979 (Rodjaroen
et al. 2007), Spirulina fusiformis (Rafiqul et al. 2003), Synechococcus sp., Lyngbya
sp., (Karpanai et al. 2013).

The climate change as well as greenhouse effect is resulting in skinning of
cultivable land area and an increase in water covered areas. Such waters can be
exploited for production of cyanobacterial biomass laden with carbohydrate/lipids
that can be utilized for production of biofuel (bioethanol and biodiesel).

Ethanol is extensively used around the world as biofuel which is less toxic and
biodegradable manufactured from plentiful supplies of starch/cellulose. It can also
be used as a fuel for electric power generation, in fuel cells (thermo-chemical
action) (Petrou and Pappis 2009). The most important bioethanol production
countries in the world are Brazil, US and Canada (Chiaramonti 2007). Being photo-
synthetic in nature cyanobacteria produce high carbohydrate content which can be
utilized as feedstock for bioethanol yield (Synechococcus sp. PCC 7002).

Hydrogen is used as sources of renewable fuel as it cause no pollution. In view
of this H, production is important area in biotechnology. In achieving this goal
photosynthetic machinery is employed. Water is subjected to photolysis, which lead
to splitting of water molecules into oxygen, electrons and hydrogen ions (HY).
Hydrogen ions (H*) are converted into hydrogen gas (H,) which can be collected
and used as a fuel (Hameed and Ebrahim 2007).

Bioplastic

Bioplastic can be defined as a plastic derived from renewable materials of biological
origin, that exclude biomass embedded in geological formation or transformed into
fossil fuels. Bioplastics produced from renewable carbon resources add to our effort
to conserve fossil resources which are directly or indirectly used for plastic produc-
tion. Degradation of bioplastics takes 5—6 weeks as compared to thousands of years
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for petroleum based plastics. The degradation products of bioplastics are carbon
dioxide and water (Brandl et al. 1990; Steinbuchel and Valentin 1995) which can be
used during photosynthesis by autotrophs, thus bioplastics are useful in their
ultimate ‘waste state’ also. Their biocompatibility is making them also innovative
product in the medical field (Katti et al. 2002; Philip et al. 2007). Some promising
bioplastic applications contain biodegradable carriers like bone tissue replacement,
surgical needles, structure materials etc. that exhibit the capacity to provide reme-
dies for an assumed time within the individual’s body, (Zinn et al. 2001; Chen and
Wu 2005).

PHB is one of the common biopolymer that appears as a substitute to the common
plastics due to its hydrophobicity, complete biodegradability and biocompatibility
with visual clarity. Cyanobacteria are however the exclusive oxygen producing
photosynthetic prokaryotes that accumulate PHB (Miyake et al. 1996).

The first cyanobacterial species which reported the presence of PHB is
Chlorogloea fritschii in the year 1966. Existence of PHB has been confirmed in
Spirulina sp., Aphanothece spp., Gloeothece sp. and Synechococcus sp. (Campbell
et al. 1982; Fernandez-Nava et al. 2008), Synechocystis sp. (Quillaguaman et al.
2010), Gleocapsa spp. and Nostoc spp. (Shrivastav et al. 2010), Microcystis
aeruginosa, Trichodesmium thiebautti in Oscillatoria limosa sp. and Gloeothece sp.
(Sabirova et al. 2005).

Cyanobacterial Toxins

Cyanotoxins belong to a rather divers group of chemical substance each of which
shows precise toxic mechanism in vertebrates. Cyanotoxins mainly affect three
organs: livers, nervous system and skin (Sivonen and Jones 1999). The neurotoxins
are alkaloids (nitrogen-containing compounds of low molecular weight) that have
no effect on penetrability of potassium and constrains nerve condition by obstruct-
ing sodium channels (Adelman et al. 1982). Symptoms include shocking, muscle
jolting, breathless and fit. The neuro-toxins can be fatal at high concentrations due
to respiratory arrest caused by failure of the muscular diaphragm. The two neuro-
toxins produced by cyanobacteria are anatoxin and saxitoxin. Anatoxins are syn-
thesized by Anabaena, Aphanizomenon, Oscillatoria and Trichodesmium (Negri
et al. 1997).

Hepatotoxins are low molecular weight peptide and are interception of protein
phosphatases (Arment and Carmichael 1996). The sign of poisoning include weak-
ness, vomiting, diarrhoea, and cold extremities. Death occur within a short period of
time after initial exposure which occur due to intra hepatic haemorrhage, reflected
by increase in the liver mass as a portion of body mass (Jackson et al. 1984).
Cyanobacteria produce two types of hepatotoxins, the microcystins and nodular-
ins (Rinehart et al. 1994). The Microcystin is produced by Microcystis, Anabaena,
Nostoc, Nodularia, and Oscillatoria while the nodularins are produced by Nodularia
(Kotak et al. 1995; Bolch et al. 1999).

Cyanotoxins can also inhibit the growth of other algae. This is called an allelo-
pathic interaction where one organism affects the growth of second organism. An
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example of this is the inhibition of the freshwater dinoflagellate Peridinium gatu-
nense by the microcystin produced by the cyanobacterium Microcystis lake Kinneret
(Sea of Galilee), Israel. The Microcystis cyanotoxins abolish carbonic anhydrase
activity in the dinoflagellate and inhibit growth (Sukenik et al. 2002).

In order to aquent students with cyanobacteria occurring in their surrounding
some example are discussed below.

Microcystis (Fig. 4(i)b)

Microcystis are commonly found in nutrient rich freshwater bodies. The colonies
may be round or irregular. There are hundreds or thousands of small, cells in each
colony. The spherical or elongated cells in a colony float freely in a colorless,
homogeneous mucilaginous matrix. They lack individual sheath and exhibit typical
cyanophycean cell structure. Numerous pseudovacuoles are frequently present in a
cell. In tropical countries it multiplies so prolifically that impart a bluish-green tinge
to the pond which seems like “Pea soup.” They reproduce only vegetatively. The
vegetative propagation takes place either by fission or by fragmentation of the
colony. The fission is simple cell division which takes place in all planes. In
M. flosaquae the modified endospores are formed by repeated division of cell
contents. Some species like M. aeruginosa cause water blooms in lakes that often
results in severe reduction of oxygen. This leads to mass mortality of fishes and
other aquatic animals due to suffocation. Microcystis contain toxins known as
microcystins which is highly toxic to fishes and aquatic birds. There are several
other cyanobacterial species that produce microcystin including: (Anabaena,
Oscillatoria, Nostoc, Hapalosiphon and Anabaenopsis) Microcystins are hepatotoxins.
Acute toxicity is the main concern with microcystins. The compound attacks the
liver causing hemorrhaging and liver failure. The threat to human health is of great
concern since long-term exposure to relatively low doses could encourage the
development of liver tumors. The toxin is also fatal to domesticated animals that
drink contaminated water. M. foxica is highly poisonous and is responsible for the
death of thousands of sheep and cattles. In humans, some species cause gastric
trouble, if they are ingested along with drinking water or during swimming. There
are several species of Microcystis which inhibit the growth of bacteria such as
staphylococcus, clostridium, zooplanktons and several other algae.

Spirulina (Fig. 4(iv)h)

Spirulina are aquatic organisms, typically inhabiting in a wide variety of fresh
water, often found densely intertwined with the Oscillatoria. Spirulina occur in
tropical and subtropical fresh water bodies rich in carbonates/bicarbonates and high
pH. Spirulina are blue-green non heterocyst solitary and free floating filaments,
composed of cylindrical vegetative cells wounded into a loose or close helix. The
motion is usually creeping or gliding in the direction of a longitudinal axis and may
take place both backward and forward. In some species, gliding movement go along
with the revolution of the trichome, taking place in the direction of coiling. The
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protoplast is differentiated into a peripheral pigmented chromoplasm and a central
centroplasm. Cyanophycin granules are, however, absent and are capable to persist
over a wide range of temperature, some species are even found in hot springs
(S. plantensis and S. maxima). Species of Spirulina are rich in proteins and iron
content, essential vitamins and unsaturated fatty acids. They are receiving consider-
able attention for their use as supplement to diet. Spirulina reproduces vegetatively
by the process of fission.

Nostoc (Fig. 4(iv)a)

Species of Nostoc occur in fresh water as well as in terrestrial habitats. The fresh
water species form macroscopic colonies on the surface of water. Each colony is
bounded externally by a pellicle like membrane. N. Commune, a terrestrial species
of alpine regions, forms leathery or rubbery sheet on the moist soil. Some species of
Nostoc are endophytic and they occur in symbiotic association within other plants.
For example N. punctiforme is found in the coralloid roots of Cycas and Anthoceros
thallus, and N. sphaericum and N. colleme are the components of lichens and occur
in symbiotic association with fungi. Species like N. amplissimum, attains the diam-
eter of 30 cm or almost the size of hen’s egg. Some species of Nostoc are grown in
rice fields. They are able to fix atmospheric nitrogen, thus helping in increasing
fertility of the soil. The trichomes of Nostoc are uniseriate, usually contorted and
twisted in various ways. An important feature is the presence of prominent constric-
tions between the adjacent cells which give a characteristic moniliform appearance
to the trichome. Each trichome is enveloped in a gelatinous sheath which is trans-
parent, hyaline or colored. Usually many trichomes aggregate together, and their
gelatinous envelopes dissolve to form colonies of various shapes and sizes. The
trichomes of Nostoc are characterized by the presence of heterocysts which are
intercalary or occasionally terminal, usually solitary and of much the same size and
shape as the vegetative cell. The intercalary heterocysts have two polar nodules and
the terminal ones have only one (basal) polar nodule. Trichome mostly breaks near
heterocyst and forms hormogonia and thus they help in its multiplication.

Nostoc reproduces only vegetatively. Sexual reproduction is completely absent.
The vegetative propagation takes place by the following methods.

Fragmentation: The colony may break into small fragments due to mechanical, physi-
ological or other factors. Each fragment has the capability to develop into a new colony.

Hormogonia: The trichome breaks into small segments or pieces by the death
and decay of vegetative cells. Multicellular fragments so formed are called hormo-
gonia. They come out of the gelatinous sheath of the colony, grow rapidly and form
new colonies. Very often, the hormogonia fail to come out of the parent colony and
divide inside the gelatinous sheath of the parent colony. This result in a large number
of trichomes inside the parent colony, the trichome breaks near heterocyst.

Akinetes: During unfavorable periods, some vegetative cells enlarge and
transformed into thick walled resting spores or akinetes which accumulates food
material. They have an additional three layered coat outside the normal cell wall. The
outer layer is variously sculptured and its protoplasm becomes highly granular.
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Development of akinetes normally takes place in a mature colony. It is always
the vegetative cell adjacent to the heterocyst which is the first to metamorphose into
akinetes. Subsequently, many vegetative cells are transformed into akinetes. It is not
unusual to find all the cells between the two successive heterocysts transformed into
akinetes. Metamorphosis of the vegetative cell into akinetes is probably simulated
by certain chemical substances secreted by heterocysts. The akinetes have tremen-
dous resistance for cold and drought. During favorable conditions, the protoplasm
become active and breaks the thick outer wall and forms a new trichome.

Hetrocysts: In some species of Nostoc (e.g., N. commune) heterocysts act as
resisting pores. The protoplasm of the heterocyst of such species becomes func-
tional and germinates to form a new trichome. At the time of germination the proto-
plast divides by a traverse wall to form two cells. Both these cells divide again to
form a 4-celled germling. The thick wall of the heterocyst ruptures at this stage and
the germling comes out and develops into a new trichome.

Endospore: In some species of Nostoc (N. commune, N. microscopicum) the pro-
toplasm of the heterocyst divides successively to form endospores. Unlike akinetes,
the endospores are thin walled and hence cannot be regarded as resting spores
acquaintance. Disintegration of the capsule wall results in their liberation, and the
rounded spores later germinate to form new trichomes.

Fusion of Filaments: Although true sexual reproduction and sex organs are absent
in Nostoc as in other blue-greens; yet fusion and anastomosis of trichomes have been
observed in N. muscorum. This phenomenon can be compared with somatogamy.

Anabaena (Fig. 4(iv)b)

Anabaena is an autotrophic freshwater colonial blue green alga found throughout
the world. The long chain of cells is known as trichome it is a filamentous cyano-
bacterium that exists as plankton. It is not specific to freshwater but it can inhabit a
various range of temperatures and salinities. Numerous species of Anabaena have
been found in soil and aid to add nutrients to the soil. It also acts as an effective
natural fertilizer. It grows in long filaments of vegetative cells. The Anabaena genus
is known for its intercalary heterocysts and isolated or amorphous filaments.
Heterocyst: Specialized cell for fixing nitrogen (nitrogen to ammonia for amino
groups and other uses). In order to avoid diffusion of oxygen in heterocyst, have
three thick extra layers outside which keeps nitrogenase separated from oxygen and
thus reduces the amount of oxygen in heterocysts than of vegetative cells.
Gelatinous sheath: Holds cells in filament, protects filament from predator or
harmful environmental factors.
Thylakoids: Membranes increase surface area for photosynthetic pigments (Fig. 10).
Anabaena is somewhat motile and having a sliding type of movement, and this
feature make it distinct from a nearby relative like Nostoc. It is supposed that this
drive is produced by waves of momentum through the whole trichome and also its
slime emission is used to help in movement. Related to other forms of cyanobacteria
it has a discrete antiquity. Anabaena typically reproduces via fragmentation.
Hormogonia and dead cells help in fragmentation.
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Akinete

Heterocyst

Fig. 10 Diagrammatic representation showing akinetes, vegetative and heterocyst cells in
Anabaena (After Smith 1950)

Oscillatoria (Fig. 4(iv)d)

The species of Oscillatoria found in channels, ponds, swimming pool, drainage
system. Few types are also formed on moist soil and moist rocks. They are set up in
the form of layers on the surface of water in moving condition or basements of pools
and lagoons. A small number of varieties are usually found in contaminated water.
The structure is filamentous which are arranged in a single row and not forked. Each
monofilament is bringing into being either singly or in masses and contains a tri-
chome enclosed by a viscous covering which are some extent rectangular. Cells of
the filament are positioned one after another like staircase. The final cell of filament
might be slightly curved at the top. In Oscillatoria proboscidea the peak of the
filament make a snout like appearance. The nucleus and the cytoplasm of each cell
might simply be distinguished into binary areas. The marginal coloured area is
named as chromoplast and not only the pigments but pseudovacuoles are also seen
in the province. The key pale area of the cells is termed as centroplasm or central
body. True nucleus is absent. The main area contains chromatin granules in discrete
form. The central body signifies the actual primeval type of nucleus. Absence of
nucleoli and its membrane. Cell wall is distinguished into two layers the external
coating comprises of pectic materials while the coating following to protoplast
made of cellulose. The filaments of Oscillatoria have fluctuation in its drive. The
asexual replication is done by ways of hormogones. At numerous places of the
filament monochrome biconcave parting discs are formed and disrupt at these
sockets forming hormogones. Each hormogones contains additional cells and grows
into a fresh organism.



Cyanobacteria 83

References

Adelman WJ, Fohlmeister JF, Sasner JJ, Ikawa M (1982) Toxicon 20:513

Afreen S, Fatma T (2013) Laccase production and simultaneous decolourization of synthetic dyes
by cyanobacteria. Inter. J. Innovative Research Sci. Eng. Tech. 2:3563-3568

Ali Laila KM, Mostafa Soha SM (2009) Evaluation of potassium humate and Spirulina platensis
as a bio-organic fertilizer for sesame plants grown under salinity stress. The 7th International
Conference of Organic Agriculture. 13—15 December, Egypt. ] Aquat Res 871369388

Aly MHA, Abd El-All Azza AM, Mostafa Soha SM (2008) Enhancement of sugar beet seed
germination, plant growth, performance and biochemical compounds as contributed by algal
extracellular products. J Agric Sci Mansoura Univ 33(12):8429-8448

Anderson LK, Toole CM (1998) A model for early events in the assembly pathway of cyanobacte-
rial phycobilisomes. Mol Microbiol 30:467-474

Anwer R, Khrusheed S, Fatma T (2012) Detection of immunoactive insulin in spirulina. J Appl
Phycol 24:583-591

Amal ZH, Soha SMM, Hamdino MIA (2010) Influence of different cyanobacterial application
methods on growth and seed production of common Bean under various levels of mineral
nitrogen fertilization. Nat Sci 8(11):202-212

Arment AR, Carmicchael WW (1996) Evidence that microcystin is a thio-template product.
J Phycol 32:591-597

Ayehunie S, Belay A, Baba A, Ruprecht RM (1998) Inhibition of HIV-1 replication by an aqueous
extract of Spirulina platensis (Arthrospira platensis). J Acquir Immune Defic Syndr Hum
Retrovirol 18:7-12

Bapat AV, Klyer R, Rao SP (1996) Effect of cyanobacterial extract on somatic embryogenesis in
tissue culture of sandalwood (Santalum album). J Med Aromatic Plants Sci 18(1):1014

Bastia AK, Satpathy DP, Adhikary SP (1993) Heterotrophic growth of several filamentous blue-
green algae. Arch Hydrobiol 70:65-70

Becker W (2004) The nutritional value of microalgae for aquaculture. In: Richmond A (ed)
Microalgae for aquaculture. Handbook of microalgal culture. Blackwell, Oxford, pp 380-391

Bergman B, Rasmussen U, Rai AN (2007) Cyanobacterial associations. In: Elmerich C, Newton
WE (eds) Associative and endophytic nitrogen-fixing bacteria and cyanobacteria associations.
Kluwer Academic Publishers, Dordrecht

Bhaleya P, Mathur T, Pandya M, Fatma T, Rattan A (2006) Fitoterapia 77:233-235

Bhaskar US, Gopalswamy G, Raghu R (2005) A simple method for differential extraction and
purification of C-phycocyanin from Spirulina platensis Geitler. Indian J Exp Biol 43:277-279

Blinkova LP, Gorobets OB, Baturo AP (2001) Biological activity of Spirulina.jjj. Zh Mikrobiol
Epidemiol Immunobiol 2:114-118

Bolch CJS, Orr PT, Jones GJ, Blackburn SI (1999) Genetic, morphological, and toxicological
variation among globally distributed strains of Nodularia (cyanobacteria). J Phycol
35:339-355

Boone DR, Castenholz RW (eds) (2001) Bergeys manual of systematic bacteriology, hylum. BX
Cyanobacteria. Springer, New York, pp 437-599

Brand F (1903) Morphologische-physiologische betrachtungen uber cyanophycean. Belh Bot Cbl
15:31-64

Brandl H, Gross RA, Lenz RW, Fuller RC (1990) Plastic bacteria? Progress and prospects for
polyhydroxy-alkanoate production in bacteria. Adv Biochem Eng Biotechnol 41:77-93

Brijvir S (1992) Thesis: studies on the biology of alkalophilic cyanobacteria

Burja AM, Banaigs BE, Abou-Mansour, Burgess JG, Wright PC (2001) Marine cyanobacteria-a
prolific source of natural products. Tetrahedron 57:9347-9377

Campbell J, Edward Stevens SJR, Balkwill LD (1982) Accumulation of polyb-hydroxybutyrate in
Spirulina platensis. ] Bacteriol 149:361-363

Canabaeus L (1929) Uber die Heterocysten und Gasvakuolen der Blaualgen und ihre Beziehung
zueinander. In: Kolkowitz R (ed) Pflanzenforschung. Fischer, Jena, pp 1-48

Carmichael WW, Drapeau C, Anderson DM (2000) Harvesting of Aphanizomenon flos-aquae
Ralfs ex Born. & Flah. Var. flos-aquae (Cyanobacteria) from Klamath Lake for human dietary
use. J Appl Phycol 12:585-595



84 S. Zutshi and T. Fatma

Carpenter EJ (2002) Marine cyanobacterial symbiosis. Biol Environ 102:15-18

Cerniglia CE, Gibson TD, Van Baalen C (1980a) Oxidation of naphthalene by the cyanobacteria
Oscillatoria sp., strain JCM. J Gen Microbial 116:485-494

Cerniglia CE, Van Baalen C, Gibson TD (1980b) Metabolism of naphthalene by cyanobacteria and
microalgae. ] Gen Microbiol 116:495-500

Chadd HE, Newman J, Man NH, Carr NG (1996) Identification of iron superoxide dismutase and
a copper/zinc superoxide enzyme activity within marine cyanobacterium synechococcus sp.
WH 7803. FEMS Microbiol Lett 138:161-165

Chen GQ, Wu Q (2005) The application of polyhydroxyalkanoates as tissue engineering materials.
Biomaterials 26:6565-6578

Chiaramonti D (2007) Bioethanol: role and production technologies. In: Ranalli P (ed) Improvement
of crop plants for industrial end uses. Springer, Dordrecht, pp 209-251

Cohen Y, Jgrgensen BB, Revsbech NP, Poplawski R (1986) Adaptation to hydrogen sulfide of
oxygenic and anoxygenic photosynthesis among cyanobacteria. Appl Environ Microbiol
51:398-407

Couto SR (2007) Decolouration of industrial azo dyes by crude laccase from Trametes hirsute.
J Hazard Material 148:768-770

Darley WM (1982) Algal biology. A physiological approach. Blackwell Scientific, Oxford

Darnell DW, Greene B, Henzl MT, Hosea JM, Mopherson RA (1986) Selective recovery of gold
and other metal ions from an algal biomass. Environ Sci Technol 20:206-208

De Caire GZ, De Mule MCZ, Doallo S, Halperin RD, Halperin L (1976) Accion de extractos
algales acuosos y etereos de Nostoc muscorum Ag. (N° 79a). Bol Soc Agric Bot 17:289-300

De Caire GZ, De Cano MS, De Mule MCZ, Halperin DR, Galvagno MA (1987) Action of cell-free
extracts and extracellular products of Nostoc muscorum on growth of Sclerotinia sclerotiorum.
Phyton 47:43-46

De Caire GZ, De Cano SM, De Mule ZCM, De Halperin RD (1990) Antimycotic products from
the Cyanobacterium Nostoc muscorum against Rhizoctonia solani. Phyton 51:1-4

De Mule MCZ, De Caire GZ, Doallo S, De Halperin DR, Halperin L (1977) Accion de extractos
algales acuosos y etereos de Nostoc muscorum Ag. (n°79a). Efecto sobre el desarrollo del
hongo Cunninghamella blakesleana (-) en el medio de Mehlich. Bol Soc Arg Bot 18:121-128

Elhai J, Wolk CP (1988) Conjugal transfer of DNA to cyanobacteria. Methods Enzymol 167:747

Ellis BE (1977) Degradation of phenolic compounds by fresh water algae. Plant Sci Lett
8:213-216

Fay P, Stewart WDP, Walsby AE, Fogg EG (1968) Is the heterocyst the site of nitrogen fixation in
blue-green algae? Nature 220:810-812

Fernandez-Nava Y, Maranon E, Soons J, Castrillon L (2008) Denitrification of wastewater
containing high nitrate and calcium concentrations. Bioresour Technol 99:7976-7981

Fogg GE (1944) Growth and heterocyst production in Anabaena cylindrica Lemm. New Phytol
43:64-175

Fritsch FE (1945) The structure and reproduction of the Algae 2. Cambridge University Press,
Cambridge, p 939

Fritsch FE (1951) The heterocyst: a botanical enigma. Proc Linn Soc Lond 162:194-211

Gao K, Ye C (2003) Culture of the terrestrial cyano- bacterium, Nostoc flagelliforme
(Cyanophyceae), under aquatic conditions. J Phycol 39:617-623

Gibson CE, Smith RV (1982) Freshwater plankton. In: Carr NG, Whitton BA (eds) The biology of
the cyanobacteria. Blackwell Scientific Publications, Oxford, pp 463489

Gijzen HJ, Schoemakers TIM, Caerteling CGM, Vogels GD (1988) Anaerobic degradation of
paper mill sludge in two phases digester containing rumen micro-organism and colonized
polyurethane foam. Biotechnol Lett 10:61-66

Gipps JF, Coller BAW (1980) Effect of physical and culture conditions on uptake of cadmium by
chlorella pyrenoidosa. Aust ] Mar Freshwat Res 31:747-755

Giraudet H, Berthon JL, Buisson BA (1997) Comparison of daily alkaline phosphatase activity of
a cyanobacterium (Microcystis aeruginosa) and a diatom (Synedra capitana). C R Acad Sci 111
Sci Vie Life Sci 320:451-458



Cyanobacteria 85

Grossman AR, Schaefer MR, Chiang GG, Collier JL (1993) The phycobilisomes, a light-harvesting
complex responsive to environmental conditions. Microbiol Rev 57:725-749

Hameed MSA, Ebrahim OH (2007) Review biotechnological potential uses of immobilized algae.
Int J Agric Biol 9(1):183-192

Hoffmann L, Komarek J, Kastovsky J (2005) System of cyanoprokaryotes (cyanobacteria) — state
in 2004. Algol Stud 117:95-115

http://www.yourarticlelibrary.com/biology/useful-notes-on-cyanobacteria-
3025-words-biology/7160

Iwata K, Inayama T, Katoh T (1990) Effect of Spirulina platensis on plasma lipoprotein lipase
activity in fructose induced hyperlipidemia in rats. J Nutr Sci Vitaminol 36:165-171

Jackson ARB, Mcinnes A, Falconer IR, Runnegar MTC (1984) Vet Pathol 21:126

Jensen E, Baxterm, Rachlinj JW, Jani V (1982) Uptake of heavy metals by Plectonema boryanum
(Cyanophyceae) into cellular components especially polyphosphate bodies: an X-ray energy
dispersive study. Environ Pollut (Series A) 27:119-127

Karpanai SB, Revathi M, Sobana PP, Thirumalai VP, Immuanual GPD, John VS (2013) Biodiesel
production from marine cyanobacterium cultured in plate and tubular photobioreactors. Indian
J Exp Biol 51:262-268

Katti DS, Lakshmi S, Langer R, Laurencin CT (2002) Toxicity, biodegradation and elimination of
polyanhydrides. Adv Drug Deliv Rev 54:933-961

Khasdan V, Ben-Dov E, Manasherob R, Boussiba S, Zaritsky A (2003) Mosquito larvicidal activity
of transgenic Anabaena PCC 7120 expressing toxin genes from Bacillus thuringiensis ssp.
israelensis. FEMS Microbiol Lett 227:189-195

Khursheed S, Anwer R, Zutshi S, Fatma T (2012) Screening of photosynthetic O,- evolving pro-
karyotes for an insulin-like antigen. J Phycol 48:243-245

Kotak BG, Lam AKY, Prepas EE (1995) Variability of the hepatotoxin microcystin-LR in hyper-
eutrophic drinking water lakes. J Phycol 31:248-263

Kulshreshtha AJ, Ansih Z, Jarouliya U, Bhadauriya P, Prasad GBKS, Bisen PS (2008) Spirulina a
wonder alga full of nutrition. Curr Pharm Biotechnol 9(5):400—405

Kuritz T (1999) Cyanobacteria as agents for the control of pollution by pesticide and chlorinated
organic compounds. J Appl Microbiol Symp 85:186—195

Kushak R, VanCott E, Drapeau C, Winter H (1999) Effect of algae Aphanizomenon flos-aquae on
digestive enzyme activity and polyunsaturated fatty acids level in blood plasma.
Gastroenterology 116:A559

Kyadari M, Fatma T, Velpandian T, Malligo P, Bharat N, Bano F (2014) Antiangiogenic and anti-
proliferative assessment of cyanobacteria. Indian J Exp Biol 52:835-842

Lai YJ, Yu J, Mekonnen B, Falck JR (1996) Tetrahedron Lett 37:7167

Li DM, Qi YZ (1997) Spirulina industry in China: present status and future prospects. J Appl
Phycol 9:25-28

Lopez C, Moreira M, Feijoo G, Lema JM (2004) Dye decolorization by manganese peroxidase in
an enzymatic membrane bioreactor. Biotechnol Prog 20(1):74-81

Lumpkin TA, Plucknett DL (1980) Econ Bot 34:111

Mahmoud AA, Mostafa Soha SM, Abd EI-All AAM, Hegazi AZ (2007) Effect of cyanobacterial
inoculation in presence of organic and inorganic amendments on carrot yield and sandy soil
properties under drip irrigation regime. Egypt J Basic Appl Sci 22(12B):716-733

Mallick N, Pandy S, Rai LC (1994) Involvement of a cadmium induced low molecular weight
protein in regulatory cadmium toxicity in the diazotrophic cyanobacterium Anabaena dolio-
lum. Biometals 7:299-304

Megharaj M, Madhavi RD, Sreinvasaulu C, Umamaheswari A, Venkateswarlu K (1994)
Biodegradation of methyl parathion by soil isolates of microalgae and cyanobacteria. Bull
Environ Contam Toxicol 53:292-297

Miyake M, Erata M, Asada 'Y (1996) A thermophilic cyanobacterium, Synechococcus sp. MA19,
capable of accumulating poly-b-hydroxybutyrate. J Ferment Bioeng 82:512-514

Modak JM, Natarajan KA (1995) Biosorption of metals using nonlining biomass — a review. Miner
Metall Process 12:189-196

Mohan M (1992) Efficacy of Spirulina fusiformis in a case of rheumatoid arthritis. In: Seshadri
CV, Jeeji Bai N (eds) Spirulina ETTA national symposium MCRC, Madras, p 140


http://www.yourarticlelibrary.com/biology/useful-notes-on-cyanobacteria-3025-words-biology/7160
http://www.yourarticlelibrary.com/biology/useful-notes-on-cyanobacteria-3025-words-biology/7160

86 S. Zutshi and T. Fatma

Mohan S, Dow C, Cole JA (1992) Prokaryotic structure and function. A new perspective. Press
syndicate of the university of Cambridge New York, NY 10011-4211, USA. 47

Moore D, McGregor GB, Shaw G (2004) Morphological changes during akinetes germination in
cylindrospermopsis raciborskii (Nostocales, cyanobacteria). J Phycol 40:1098-1105

Muller-feuga A (2004) Microalgae for aquaculture: the current global situation and future trends.
In: Richmond A (ed) Handbook of microalgal culture. Blackwell Science, Oxford,
pp 352-364

Mur RL, Skulberg MO, Utkilen H (1999) Cyanobacteria in the environment. Toxic cyanobacteria
in water: a guide to their public health consequences, monitoring and managements. I. Chorus
and J. Bartram, eds. London, E and FN Spon (on behalf of WHO); 15-40

Mushir S, Fatma T (2011) Ultraviolet radiation-absorbing mycosporine-like amino acids in
Cyanobacterium Aulosira fertilissima: environmental perspective and characterization. Curr
Res J Biol Sci 3(2):165-171

Narro ML, Cerniglia CE, Van Baalen C, Gibson DT (1992) Metabolism of phenanthrene by the
marine cyanobacterium Agmenellum quadriplicatrum PR-6. Appl Environ Microbiol
58:1351-1359

Negri AP, Jones GJ, Blackburn SI, Oshima'Y, Onodera H (1997) Effect of culture and bloom devel-
opment and of sample storage on paralytic shellfish poisons in the cyanobacterium Anabaena
circinalis. J Phycol 33:26-35

Ngalo ZOA, Zaritsky A, Wirth CM, Manasherob R, Khasdan V, Cahan R, Ben-Dov E (2008)
Variations in the mosquito larvicidal activities of toxinsfrom Bacillus thuringiensis ssp.
Israelensis. Environ Microbiol 10:2191-2199

Norris PR, Kelly DP (1977) Accumulation of cadmium and cobalt by saccharomyces cerevisiae.
J Gen Microbiol 99:317-324

Palfi Z, Suranyi G, Borbely G (1991) Alterations in the accumulation of adenylyated nucleotide in
heavy metal ion stressed and heat stressed synechococcus sp. Strain Pcc 6301, a cyanobacte-
rium in light and dark. Biochem J 276:487-491

Panday G, Fatma T, Komath SS (2009) Specific interaction of the leguma lectine, concanavalin a
and peanut agglutinin, with phycocyanin. Photochem Photobiol 85:1126-1133

Papenfuss GF (1955) Classification of the algae. In: Kessel EL (ed) A century of progress in the
natural sciences, 1853 1953. California Academy of Sciences, San Francisco, pp 115-224

Petrou CE, Pappis PC (2009) Biofuels: a survey on pros and cons. Energy Fuel 23:1055-1066

Philip S, Keshavarz T, Roy I (2007) Polyhydroxyalkanoates: biodegradable polymers with a range
of applications. ] Chem Technol Biotechnol 82:233-247

Polaina J, MacCabe AP (2007) Industrial enzyme: structure, function and application. Springer,
New York, pp 461-476

Pugh N, Ross SA, Elsohly HN, Elosohly MA, Pasco DS (2001) Isolation of three weight polysac-
charide preparations with potent immunostimulatory activity from Spirulina platensis,
Aphanizomenon flosaguae and Chlorella pyrenoidosa. Planta Med 67:737-742

Pyufoulhoux G, Rouanet JM, Besancon P, Baroux B, Baccou JC, Caporiccio B (2001) Iron avail-
ability from iron-fortified Spirulina by an in vitro digestion/Caco-2 cell culture model. Agric
Food Chem 49:1625-1629

Quillaguaman J, Guzman H, Thuoc DV, Kaul RH (2010) Appl Microbiol Biotechnol
85:1687-1696

Rafiqul IM, Hassan A, Sulebele G, Orosco CA, Roustaian P, Jalal KCA (2003) Salt stress culture
of blue-green algae Spirulina fusiformis. Pak J Biol Sci 6:648-650

Rai LC, Mallick N (1992) Removal and assessment of toxicity of Cu and Fe to Anabaena doliolum
and Chlorella vulgaris using free and immobilized cells. World J Microbiol Biotechnol
8:110-114

Rao M, Malothra S, Fatma T, Rattan A (2007) Antimycobacterial activity from cyanobacterial
extracts and phytochemical screening of methanol extract of Hapalosiphon. Pharm Biol
45:88-93

Reddy GN, Prasad MNV (1992) Charaterization of cadmium binding protein from Scenedesmus
quadricanda and cadmium toxicity reversal by phytochelatin consisting amino acid and citrate.
J Plant Physiol 140:156-162



Cyanobacteria 87

Reddy CM, Bhat VB, Kiranmai G, Reddy MN, Reddanna P, Madyasthat KM (2000) Selective
Inhibition of cyclooxygenase-2 by C-phycocyanin, a biliprotein from Spirulina platensis.
Biochem Biophys Res Commun 27(7):599-603

Richmond A (1992) Mass culture of cyanobacteria. In: Mann N, Carr N (eds) Photosynthetic pro-
karyotes, 2nd edn. Plenum Press, New York, pp 181-210

Rimbau V, Camins A, Pubill D, Sureda FX, Romay C, Gonzalez R, Jimenez A, Escubedo E,
Camarasa J, Pallas M (2001) C-phycocyanin protects cerebellar granule cells from low potas-
sium/serum deprivation-induced apoptosis. Naunyn Schmiedeberg’s Arch Pharmacol
364:96-104

Rinehart KL, Namikoshi M, Choi BW (1994) Structure and biosynthesis of toxins from blue-green
algae (cyanobacteria). J Appl Phycol 6:159-176

Rippka R, Waterbury JB, Stanier RY (1981) Provisional generic assignments for cyanobacteria in
pure culture. In: Starr MP, Stolp H, Truper HG, Balows A, Schlegel HG (eds) The prokaryotes.
Springer, Berlin, pp 247-256

Rodjaroen S, Juntawong N, Mahakhant A, Miyamoto K (2007) High biomass production and
starch accumulation in native green algal strains and cyanobacterial strains of Thailand
Kasetsart. J Nat Sci 41:570-575

Sabirova SJ, Ferrer M, Lunsdorf H, Wray V, Kalscheuer R, Steinbiichel A, Timmis NK, Golyshin
NP (2005) J Bacteriol 188:8452-8459

Samsonoff WA, MacColl R (2001) Biliproteins and phycobilisomes from cyanobacteria and red
algae at extremes of habitat. Arch Microbiol 176:402—405

Sayanova OV, Napier JA (2004) Eicosapentaenoic acid: biosynthetic routs and the potential for
synthesis in transgenic plants. Phytochemistry 65:147-158

Selvarani V (1983) Studies on the influence on nitrogen fixing and non-nitrogen fixing blue green
algae on the soil, growth and yield of paddy (Oryza sativa-IR 50) M. Sc. Madurai Kamaraj
University, Madurai

Shekharam KM, Venkataraman LV, Salimath PV (1987) Carbohydrate composition and character-
ization of two unusual sugars from the blue green alga Spirulina platensis. Phytochemistry
26:2267

Shrivastav A, Mishra KS, Mishra S (2010) Isolation of promising bacterial strains from soil and
marine environment for polyhydroxyalkanoates (PHAs) production utilizing Jatropha biodiesel
by product. Int J Biol Macromol 46:255-260

Singh SP, Verma SK, Singh RK (1989) Copper uptake by free and immobilized cyanobacterium.
FEMS Microbiol Lett 60:193-196

Sivonen K, Jones G (1999) Cyanobacterial toxins. In: Chorus, Bartram J (eds) Toxic cyanobacteria
in water: a guide to their public health consequences, monitoring and management. E and Fn.
Spon, London, pp 41-111

Smith AJ (1982) Modes of cyanobacterial carbon metabolism. In: Carr NG, Whitton BA (eds) The
biology of cyanobacteria. Botanical monographs, vol 19. Blackwell, Oxford, pp 47-85

Smith GM (1950) Freshwater algae of the United States. McGraw-Hill, New York

Steinbuchel A, Valentin HE (1995) Diversity of bacterial polyhydroxyalkanoic acids. FEMS
Microbiol Lett 128:219-228

Storni DC, Zaccaro M, Cristina MA, Maria SG, Gloria ZDC (2003) Enhancing rice callus regen-
eration by extracellular products of Tolypothrixtenuis (Cyanobacteria). World J Microbiol
Biotechnol 19(1):29-34

Subhashini J, Mahipal SV, Reddy MC (2004) Molecular mechanism in C-phycocyanin induced
apoptosis in human chronic myeloid leukaemia cell line K562. Biochem Pharmacol
68:435-462

Sukenik A, Eshkol R, Livine A, Hadas O (2002) Inhibition of growth and photosynthesis of the
Dinoflagellate Peridinium gatunense by Microcystis sp. (cyanobacteria): a novel allelopathic
mechanism. Limnol Ocean 47:1656-1663

Tassara C, Zaccaro CM, Storni MM, Palma M, Zulpa G (2008) Biological control of lettuce white
mold with cyanobacteria. Int J Agric Biol 10:487-492

Thajuddin N, Subramanian G (2005) Cyanobacterial biodiversity and potential applications in
biotechnology. Curr Sci 89:47-57



88 S. Zutshi and T. Fatma

Uma L, Subramanian G (1994) A marine bacteria for metal recovery for the treatment of chloro
alkali effluent. 35th conference of Association of Microbiologist of India, Mysore

Valencia A, Walker J (1999) Amulti-axial treatment paradigm for mild traumatic brain injury to
achieve reparative functional metaplasticity. 3rd World Congress on Brain Injury, IBIA,
Quebec City

Van Liere L, Walsby AE (1982) Interactions of cyanobacteria with light. In: Carr NG, Hitton BA
(eds) The biology of the cyanobacteria. Blackwell Science Publications, Oxford, pp 945

Vijayakumar S (2012) Potential applications of cyanobacteria in industrial effluents — a review.
J Bioremed Biodegrad 3:154. doi:10.4172/2155- 6199.1000154

Viviane SV, Anna MFS, Mariangela FS, Maria TF, Telma AG (2009) Production of laccase by
Pycnoporus sanguineus using 2, 5- xylidine and ethanol. Braz J Microbiology 40:790-794

Vlad M, Bordas E, Caseanu E, Uza G, Creteanu E, Polinicenco C (1995) Effect of cuprofilin on
experimental atherosclerosis. Biol Trace Elem Res 48(1):99-109

Wake H, Akasata A, Umetsu H, Ozeki Y, Shimomura, Matsunaga T (1992) Promotion of plantlet
formation from the somatic embryos of carrot with a high molecular weight extract of marine
cyanobacterium. Plant Cell Rep 11:62-65

Walsby EA (1992) The control of gas vacuolated cyanobacterium: proceeding by Freshwater
Biological Association, The Ferry house, Far Sawry, Ambleside cumbria LA220LP and
Instant water supply Association 1Queen Annes Gate London SW1H9BT

Waterbury JB, Stainer RY (1977) Two unicellular bacteria which reproduce by budding. Arch
Microbiol 115:249-257

Waterbury JB, Stanier RY (1978) Patterns of growth and development in Pleurocapsalean
cyanobacteria. Microbiol Rev 42:2-44

Whitton BA (1987) The biology of Rivulariaceae. In: Fay P, van Baalen C (eds) The cyanobacteria —
a comprehensive review. Elsevier, Amsterdam, pp 513-534

Whitton BA, Potts M (2000) Introduction to the cyanobacteria. In: Whitton BA, Potts M (eds) The
ecology of cyanobacteria: their diversity in time and space. Kluwer Academic Publishers,
Boston, pp 1-11

Wong Y, Jian Y (1999) Laccase-catalyzed decolorization of synthetic dyes. Water Res
33:3512-3520

Yamaguchi K (1997) Recent advances in microalgal bioscience in Japan, with special reference to
utilization of biomass and metabolites: a review. J Appl Phycol 8:487-502

Zaccaro MC, Kato A, Zulpa G, Storni MM, Steyerthal N, Lobasso K, Stella MA (2006) Bioactivity
of Scytonema hofmanni (Cyanobacteria) in Lilium alexandrae in vitro propagation. Electron
J Biotechnol 9(3):210-214

Zinn M, Witholt B, Egli T (2001) Occurrence, synthesis and medical application of bacterial
polyhydroxyalkanoate. Adv Drug Deliv Rev 53:5-21

Zulpa G, Zaccaro CM, Boccazzi F, Parada LJ, Storni M (2003) Bioactivity of intra and extracellular
substances from cyanobacteria and lactic acid bacteria on “wood blue stain” fungi. Biol Control
27:345-348

Sunaina Zutshi is currently working as Assistant prof. in
Biology Department (Botany) Shyam Lal College University of
Delhi. She obtained her Ph.D. from Jamia Millia Islamia New
Delhi in 2009 and continued her studies and research at the Same
University as Research Associate funded by Council of Scientific
and Industrial Research (CSIR). Dr. Sunaina Zutshi scientific
interests are in the areas of: Cyanobacterial Biotechnology,
Phycology and environmental Biology.



http://dx.doi.org/10.4172/2155- 6199.1000154

Cyanobacteria

89

Tasneem Fatma is currently working as Professor at the
Department of Biosciences, Jamia Millia Islamia, India.
She obtained her Ph.D from the University of Lucknow in
1984. She had established Cyanobacterial Biotechnology
Lab in Department of Biosciences, JMI, New Delhi. Her
Scientific interests are in the areas of: Cyanobacterial
Biotechnology, Phycology, Ecology, Environmental
Biology, NanoBiotechnology. She is recipient of Birbal
Sahni Memorial Gold Medal, Lucknow University, India,
DBT National and Overseas Associateship to work at
CFTRI, Mysore and College Station, Texas, USA and
INSA-DFG Exchange of Scientist Fellowship to work in
Germany. She has introduced B.Sc Biotechnology
programme in the department during 2001-2001. She has

completed many national and international research projects. She has published one book and
more than 90 research articles in International and national Journals and about 38 students had
completed Ph.D under her supervision. She is a good organizer with an outgoing personality and
the determination. She has reported insulin like protein from cyanobacteria.



Green Algae

Mani Arora and Dinabandhu Sahoo

1 Introduction

Green algae are oxygenic photosynthetic eukaryotes characterized by the presence
of chloroplast with a double- membrane envelope, chlorophyll a and b, stacked
thylakoids and interplastidial starch. Plant body of green algae has a simple con-
struction and shows no differentiation into true root, stem and leaves. For this reason
plant body is called a thallus. The cells constituting the thallus are eukaryotic and
thus contain all the cell organelles such as a definitely organized nucleus, membrane
bound plastids, mitochondria, Golgi bodies, endoplasmic reticulum, and true vesi-
cles. Green algae have been included in a single class Chlorophyceae by Fritsch
(1935). This is considered as the most diverse group of algae with more than 7,500
species growing in a variety of habitats.

2 Origin of Green Algae: Evolutionary Significance
of Prochloron

The green algae originated by an endosymbiotic event in which a heterotrophic
eukaryotic host cell that already contained a mitochondrion, captured a photosyn-
thetic prokaryote that ultimately turned into a photosynthetic plastid (Archibald
2009; Keeling 2010). This endosymbiotic event happened between 1 and 1.5 billion
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years ago (Hedges et al. 2004; Yoon et al. 2004) and marked the origin of green
algae, the most primitive oxygenic photosynthetic eukaryotes. This event ultimately
resulted in a cell, containing a photosynthetic plastid surrounded by two membranes
with a highly reduced genome derived from photosynthetic bacteria (Margulis 1993;
Kutschera and Niklas 2005; Gould et al. 2008; Parker et al. 2008). It is believed that
the outer membrane of the chloroplast envelope represents the vacuolar membrane
of the host cell and the inner membrane represents the cell membrane of the photo-
synthetic bacteria. All green algae contain plastids with photosynthetic pigments —
chl a, chl b and carotenoids. Hence the green algae must have acquired their plastids
from the endosymbiosis of a unique photosynthetic bacterium having both chl a/b.

2.1 Discovery of Prochloron

Evolutionary pathways for the origin of plastids (chloroplasts) in support with the
endosymbiotic hypothesis is one of the most interesting and complex problems in
the field of evolution and development. It was a great finding to discover a photo-
synthetic bacterium Prochloron (Lewin 1975, 1977) which contains all the light
harvesting pigments including Chl b which are present in chloroplasts of green
algae. Prochloron is closely related to cyanobacteria but differ from other cyanobac-
teria because it contains both chl a/b and lacks phycobiliproteins. There are three
known prochlorophytes (Prochloron, Prochlorothrix, and Prochlorococcus), that
have both chl a and chl b. No other prokaryotic life forms contain both chl a/b, but
all photosynthetic eukaryotes (land plants and green algae) contain both chl a/b. At
present, there are studies being carried out on the photosynthetic machinery of
Prochloron, because its morphology is distinctive among prokaryotes.

2.2 Prochloron: Fine Structure

Prochloron is a unicellular prokaryotic alga containing both chl a and chl b. The cell
wall of Prochloron resembles that of cyanobacteria. The thylakoids and cytoplasm
are in the form of a wide peripheral band. The thylakoids are not present as single
lamellae, as in cyanobacteria, but in pairs or, occasionally, in thicker stacks. A large
electron-transparent central zone is characterized by the absence of thylakoids and
cytoplasm (Fig. 1b). This zone may contain fibrils and electron-dense granules.
Prochloron cells are structurally comparable to the photosynthetic machinery of
green plastids, having the thylakoids placed in the cytoplasm of the bacterial cells
(Fig. 1). This feature forms the bases for the assumption that Prochloron is similar
to the symbiotic bacteria which evolved into the first chloroplast within the auto-
trophic eukaryotes. Land plants like green algae also have chl b containing chloro-
plast surrounded by a double membrane. Hence the whole green lineage can be
assumed to have developed originally by the endosymbiosis of Prochloron-like pro-
karyotic cells (Fig. 2). The light harvesting pigment composition of Prochloron
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Fig. 1 (a) Light micrograph of Prochloron cells. (b) Transmission electron micrograph of
Prochloron cells. These cells are structurally comparable to the photosynthetic machinery of green
plastids, having the thylakoids placed at the periphery in the cytoplasm of the bacterial cells (Image
courtesy: a College of Biological Sciences, University of Tsukuba. b College of Arts and Science,
Miami University)
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Fig. 2 Endosymbiotic origin of chloroplast: primary endosymbiosis involving a mnon-
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cyanobacterium. The outer membrane of the chloroplast envelope represents the vacuolar mem-
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has similarity with both cyanobacteria and chlorophytes. The unique photosynthetic
machinery of Prochloron among cyanobacteria make them fascinating to scientists
who investigate the evolution of the characters in photosynthetic organisms.

3 Systematics of Green Algae

The classification of algae into taxonomic groups relies upon their morphological,
ultrastructural, and molecular characters. Classification of green algae has undergone
considerable changes over the years. Earlier workers entirely relied upon colour and
form. Later, cytological information and types of life histories were added. The devel-
opment of further techniques helped in a wider understanding of the cell wall, flagellar
structures and the physiology and biochemistry of functions, all of which proved useful
in classifying different taxa. The introduction of molecular studies which are especially
comparative provided a new framework for the phylogenetic relationships among the
green lineage. For many algal groups, form alone can still be used for differentiation.
For some algae form combined with function will prove useful. A detailed knowledge
of the life-history is essential to understand the concept of taxa. Molecular, physiologi-
cal and ecological characters likewise are useful in the systematics of green algae.

From early times algae have been variously classified. As far back as 1836, Harvey
recognized three algal groups- Chlorospermae, Melanospermae, Rhodospermae and
placed all green algae into Chlorospermae. Subsequently many flagellates were dis-
covered and described and even today changes are being made to accommodate these
forms properly. Some of the important systems of classification of algae are those of
Engler and Gilg (1924), Fritsch (1935), Smith (1938), Round (1963, 1965, 1971,
1984), Prescott (1969), Chapman and Chapman (1973), Stewart and Mattox (1975),
Pickett-Heaps (1975), Bold and Wynne (1978, 1985), and Lee (2008).

Fritsch (1935) classified algae into 11 classes and placed all green algae in the
class Chlorophyceae (Fig. 3). Fritsch sub-divided Chlorophyceae into nine orders,
Volvocales, Chlorococcales, Ulotrichales, Cladophorales, Chaetophorales,
Oedogoniales, Conjugales, Siphonales, and Charales. However majority of modern
phycologists favour the independent status for Charophytes. Fritsch considered the
following characters while classifying algae: (i) Structure of plant body (ii) Habitat
or occurrence (iii) Nature of photosynthesizing pigment (iv) Type of reserve food
material (v) Method of reproduction etc.

In newer classifications (Fig. 4), Green lineage refers to the two clades making
up the Viridiplantae (Leliaert et al. 2012). Viridiplantae has two clades, Chlorophyta
and Streptophyta (Streptophyta includes land plants and Charophyte green algae).
Hence green algae refer to the Chlorophytes and Charophytes. Chlorophyta includes
the prasinophytes and core chlorophytes. Prasinophytes represent the early diverg-
ing chlorophytes. Ulvophyceae, Trebouxiophyceae and Chlorophyceae are together
known as ‘UTC clade’. The three major classes of the UTC clade along with
Chlorodendrophyceae  are considered as  ‘The Core Chlorophyta’.
Chlorodendrophyceae represents the early diverging core chlorophytes.
Chlorodendrophyceae is a small class of green algae, comprising the genera
Tetraselmis and Scherffelia (Massjuk and Lilitska 2006; Leliaert et al. 2012).
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4 Occurrence

Most of the green algae are aquatic and are predominantly freshwater; only about
10 % of the aquatic forms are marine. Some are terrestrial as well.

4.1 Freshwater Aquatic Forms

These algae grow in river streams, lakes, ponds, puddles, ditches and other kinds of
freshwater bodies (Fig. 5a). Most of the Ulotrichales have freshwater forms.
Oedogoniales have exclusively freshwater forms. Among the freshwater aquatic
forms, Spirogyra and Hydrodictyon frequently form noticeable but harmless blooms
that may cover the surface of freshwater ponds. Many species of Chlamydomonas,
Volvox and Chlorella are frequently found in freshwaters. Chara is also found in
fresh water, particularly in the water flowing over limestone areas, where it grows
submerged and remains attached to the muddy bottom.

4.2 Terrestrial and Subaerial Forms

These forms grow on moist aerated soils, rocks and cliffs (Fig. 5b). Fritschiella
grow on moist acidic soil whereas Stichococcus, Hormidium and Chlorella are
found on loam cultivated soils. Sub aerial forms occur on moist tree trunks, moist
walls, rocks and other moist situations. Species of Ulothrix, and Zygogonium are
sub-aerial, and are usually found on damp soil in the form of sheets. Trentepohlia
forms orange-red growths on moist rocks or cliff faces due to the accumulation of
carotenoid pigments which obscure chlorophyll.

4.3 Marine Forms

These algae occur in marine waters (Fig. 5c, d). Most Chlorodendrophyceae
(Tetraselmis, Scherffelia) are found as planktonic (adapted to floatation) organisms
in marine environments, where they sometimes occur in dense populations causing
blooms in tidal pools or bays. Members of Caulerpales are predominantly marine.
A few members commonly occur in near shore marine environments forming nui-
sance macroscopic growths e.g. Ulva (sea lettuce), Codium (dead man’s fingers),
Enteromorpha, Cladophora.
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Fig. 5 (a) Freshwater aquatic. (b) Terrestrial/subaerial. (¢) Marine planktonic. (d) Marine benthic.
(e—g) Specialized habitats: (e) Chlorella cells inside the cytoplasm of Paramecium bursaria (f)
Cephaleuros virescens, a parasitic alga causing red rust on tea leaves. (g) Chlamydomonas nivalis,
an alga that accumulates red carotenoid pigments and causes “Watermelon snow”- red colour of
the snow is due to Chlamydomonas nivalis (Image courtesy: b Lee Nachtigal. e Prof. Yuuji Tsukii,
Hosei University, Japan. f Dr. Joey Williamson, Horticulture Extension Agent, Home & Garden
Information Center, Clemson University)
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4.4 Specialized Habitats

Species of Protococcus and Trentepohlia are epiphytic on sea weeds or on the bark
of trees, whereas Chlorella is endophytic i.e. they live inside a host organism (Fig.
5e). Cephaleuros and Rhodochytrium are parasitic, and they lack green colour.
Cephaleuros is a parasitic form which causes red-rust disease of tea leaves (Fig. 5f).
Some species occur in unusual habitats; for example, Chlamydomonas yellowsto-
nensis, Chlamydomonas nivalis and Haematococcus nivalis occur on the snow cov-
ered mountain tops and can impart a characteristic colour (which varies from red to
orange to yellow) to the snow due to the accumulation of carotenoid pigments.
Chlamydomonas nivalis is cryophilic (cold loving) and flourishes in freezing waters.
It contains a red carotenoid pigment known as astaxanthin in addition to chlorophyll
and imparts a red colour to the snow referred to as watermelon snow (Fig. 5g). Some
green algae in association with certain fungi form lichens. Some species have been
described as endosymbionts of marine animals, including Tetraselmis convolutae
which is a facultative symbiont of the acoel flatworm Symsagittifera roscoffensis,
and an undescribed Tetraselmis species that has been isolated from the radiolarian
Spongodrymus.

5 Range of Thallus Organization in Green Algae

Green algae are a heterogenous group exhibiting a wide range in their thallus struc-
ture and morphology beginning from simple microscopic motile unicellular forms
through multicellular flagellated or non flagellated colonies, palmelloid forms, den-
droid forms, filamentous forms, heterotrichous forms, siphonous forms, well devel-
oped parenchymatous thalli to a thallus with well differentiated tissues which bear
leaf and stem like structures and resemble land plants (Table 1 and Fig. 6).
Unicellular thallus is the simplest type of construction within green algae.

5.1 Upnicellular Forms

Unicellular forms may be motile or non-motile.

(1) Unicellular motile thallus: In terms of organisation of thallus, unicellular
motile forms of algae are the simplest. Vegetative cells have two or four flagella
and are motile (e.g., Chlamydomonas, Tetraselmis, Sphaerella)

(i1) Unicellular non-motile thallus: These cells do not possess flagella, eyespot etc.,
meant for locomotion. (e.g., Chlorella)
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Table 1 Thallus organization in different genera
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Thallus organisation Genera
Motile unicells Chlamydomonas
Motile colourless unicells Polytoma
Nonmotile unicells Chlorella
Encapsulated unicells Phacotus
Motile colony Pandorina
Dendroid colony Tetraselmis
Nonmotile net like colony Hydrodictyon
Palmelloid colony Tetraspora
Coccoid (Zoosporic) Chlorococcum
Coccoid (Azoosporic) Chlorella
Simple filament Ulothrix
Branched filament Cladophora
Heterotrichous filament Stigeoclonium

(continued)
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Table 1 (continued)

M. Arora and D. Sahoo

Thallus organisation

Genera

Discoid (prostrate type)

Coleochaete

Crusts or cushions

Pseudopringsheimia

Erect type

Draparnaldia

Pseudoparenchymatous (uniaxial) Dasycladus
Pseudoparenchymatous (multiaxial) Codium
Foliose, parenchymatous Ulva

Tubular, parenchymatous Enteromorpha
Plant like thallus with dimorphic branches | Chara

(Picture courtesy: Chlamydomonas- Mr. Wolfgang Bettighofer; Cladophora, Stigeoclonium,
Draparnaldia- Prof. Yuuji Tsukii, Hosei University, Japan; Coleochaete- Dr. Linda Graham;
Dasycladus- Dr. S. Berger; Ulva- Dr. Kjersti Sjgtun)

5.2 Colonial Forms

The colonial habit is achieved by aggregation of the products of cell division within
a mucilaginous mass, by aggregation of motile cells or juxtaposition of cells subse-

quent to cell divisions.

(i) Coenobium: A colony with a definite shape, size and arrangement of cells. The
number of cells in a coenobium is determined at the juvenile stage and subse-
quently there is only increase in size. Coenobia may be motile with flagellated
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Fig. 6 Range of thallus structure in Chlorophyta. (a) Pterosperma (b) Nephroselmis (c)
Palmophyllum (d) Tetraselmis (e) Chlorella (f) Oocystis (g) Haematococcus (h) Pediastrum (i)
Bulbochaete (j) Chaetophora (K) Ulothrix (1) Ulva (m) Cladophora (n) Boergesenia (o)
Acetabularia (p) Caulerpa (q) Klebsormidium (r) Spirotaenia (t) Micrasterias (w) Coleochaete
(Photo courtesy: Dr. Frederik Leliaert; for photo credits see Leliaert et al. 2012) Figure from
Leliaert et al. (2012)

cells (e.g., Eudorina, Pandorina, Volvox) or non-motile having cells without
flagella (Pediastrum, Hydrodictyon).

(ii) Palmelloid: In contrast to coenobial forms, in a palmelloid colony the number
of cells, their shape and size is not definite. The cells remain irregularly aggre-
gated within a common mucilaginous matrix, but they are independent and
function as individuals. In some palmelloid forms it is a temporary phase (e.g.
Chlamydomonas), whereas in others it is a permanent feature (e.g., Tetraspora)

(iii) Dendroid: The colony appears like a microscopic tree. The number, shape and
size of cells is indefinite and a mucilaginous thread is present at the base of
each cell. Threads of different cells are united to form a branched structure
(e.g., Ecballocystis).
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5.3 Filamentous Forms

(i) Filamentous unbranched: Simple unbranched filaments may be free floating
(e.g., Spirogyra) or attached to some substratum (e.g., Ulothrix, Oedogonium)

(ii) Filamentous branched: In Cladophora simple branched filaments remain
attached to the substratum by a basal cell. In such filaments branches arise just
below the septa between any two adjacent cells except the basal cell.

(iii) Heterotrichous: The thallus is very much evolved and differentiated into pros-
trate and erect systems (e.g., Fritschiella, Coleochaete, Stigeoclonium,
Draparnaldiopsis). Both the prostrate and the erect systems may be well
developed or there is progressive elimination of prostrate or erect systems.

(iv) Siphonaceous: The thallus is made up of branched, aseptate, coenocytic, tubu-
lar filaments as the nuclear divisions are not accompanied by wall formation
(e.g. Protosiphon, Codium)

(v) Parenchymatous: Thallus is formed by the divisions of cells in two or more
planes. The daughter cells do not separate from the parent and give rise to par-
enchymatous thalli of various shapes (e.g., Ulva, Enteromorpha). Leaf like or
foliaceous thallus as seen in Ulva has evolved due to transverse as well as
longitudinal septation in the filament.

(vi) Complex forms: The thallus is highly developed with well differentiated tis-
sues. Plant looks like Angiosperm because of the presence of leaf and stem like
structures (e.g., Chara).

This designates that there is a progressive evolution in the vegetative thallus of
growth forms from simple (unicellular) to complex (multicellular) forms.

6 Cell Structure of Green Algae

Green algae are eukaryotic algae with an organized (membrane enclosed) cell
nucleus containing DNA and organised plastids (chloroplasts) and all the cell organ-
elles such as mitochondria, Golgi bodies, endoplasmic reticulum, and true
vesicles.

The cells are often delimited by a cell wall of nonliving material i.e., polysac-
charides that are partly produced and secreted by the Golgi body. The protoplast is
bounded by a thin and semipermeable plasma membrane and this membrane is a
living structure. The protoplast is characterized by the presence of a definite nucleus,
a distinct cytoplasm, membrane bound chloroplast, mitochondria, dictyosomes,
endoplasmic reticulum and vacuoles. The cytoplasm contains 80 S ribosomes and
lipid bodies. The flagella have a precise number and orientation of microtubules.
The streaming movements in the cytoplasm are of frequent occurrence.



Green Algae 103
6.1 Cell Wall

Exceptnaked flagellates, zoospores and gametes, in most members of Chlorophyceae
the cytoplasm is bounded by a definite cell wall (Fig. 7). Cell walls usually have
cellulose as the main structural polysaccharide, although xylans and mannans often
replace cellulose in some members. The submicroscopic morphology of the cell
wall shows a fibrillar structure composed of 30-200 A wide cellulose microfibrills
embedded in a smooth or slightly granular matrix. The microfibrils composed of
cellulose are either laid down in two layers at right angles to each other (as shown
in the ultramicrograph of a green algal cell) or in three layers, the third layer running
in an obtuse angle to the other two. Algae in Chlamydomonadales have walls com-
posed of glycoproteins (Goodenough and Heuser 1985).

6.2 Mucilages

Algal mucilages are mainly constituents of the continuous amorphous phase of cell
walls. Mucilages have been examined from a number of genera in Chlorophyceae.
Polysaccharides containing rhamnose, galactan sulphate and uronic acid have been
isolated. Some mucilages have highly branched polysaccharides found to yield
galactose, mannose and arabinose on hydrolysis.

Fig.7 Two layers of the
cell wall in Tetraselmis
indica (Chlorophyta)
(Represented by
arrowheads, the third
arrow points towards the
plasmalemma). Inner layer
appears more electron
dense than the outermost
layer (Arora 2011)
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Fig. 8 The longitudinal and a transverse section of flagella from a green alga, 9+2 arrangement
of microtubules can be seen in the transverse section (Arora 2011)

6.3 Flagella

In Chlorophyceae, the motility of cells is due to small protoplasmic whiplike threads
called flagella. They function as locomotory structure of the cell. The number of
flagella varies from one to four to many. Flagella are of equal length and are inserted
at the anterior or apical end of the motile cells. The flagella usually have a smooth
surface and hence are of whiplash type. There is a single granule at the base of each
flagellum. It is known as basal body or blepharoplast. Each flagellum consists of a
thin axial filament of axoneme surrounded by a cytoplasmic membrane or sheath. In
a transverse or cross section the axoneme consists of 11 (9 peripheral + 2 central)
microtubules. Two of these are situated in the centre and are called central tubules.
They are single, consisting of 13 protofilaments each and lie side by side. These
central microtubules are surrounded by nine, peripheral, doublet microtubules
arranged in a circle. Each peripheral doublet microtubule consists of A and B
tubule