Diatoms: Yellow or Golden Brown Algae
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1 Introduction

Diatoms, the members of class Bacillariophyceae are grouped under planktonic
algae, as mostly they are free floating microorganism of marine or freshwater envi-
ronment. Many diatoms live epiphytically on the surface of aquatic organisms
including plants, molluscs, turtles, fishes, seaweeds etc. When under water, we are
always surrounded with diatoms, but because they are at or below the limit of reso-
lution of naked eye, we can literally swim through them and never know that they
are present in surroundings (Nagy 2011). Diatoms are supposed to be originated in
late Permian era (about 200 years ago) possibly from Chrysophyceae or
Bolidophyceae (Guillou et al. 1999; Lee 2008). Diatoms are considered as the pri-
mary producers and thus contribute around 20-25 % of total global primary produc-
tivity (Hoek et al. 2009). Diatoms share some features that are typical of the
heterokontophyta such as typical tripartite mastigonemes on flagellum, face of
Golgi body, continuous chloroplast endoplasmic reticulum with nucleus, presence
of periplastidial reticulum, presence of girdle lamellae in chloroplast, presence of
chlorophyll @ and c,. Diatoms have some unique characteristic features which sepa-
rate them from other Heterokonts such as:
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* Marine and freshwater distribution

* Unicellular or colonial protists consisting of two overlapping halves
* Unique silica containing cell wall

* Male gametes are only flagellated stage in centric diatoms

» Lack of transitional helix in flagellum

* Chloroplast usually golden brown (due to fucoxanthin)

* Ring shaped chloroplast DNA

e Open mitosis

» Diplontic life cycle in sexually reproducible species

2 Classification

At present there are over 500 genera of diatoms (350 living and 150 extinct), with
around 17,000 species (12,000 living and 5000 extinct) (Hoek et al. 2009; Williams
and Kociolek 2011). Diatoms were sought to be unique group of algae by earlier
scientist and they were placed as a distinct group by Harvey (1836), Eichler (1883),
Engler and Prantle (1912). It was Antonie won Leewenhoek (1703) who recorded
the appearance of diatoms, and considered them as animals. He named diatoms as
“Animalcule” (The little animal) (Williams and Kociolek 2011). Linnaeus also con-
sidered them as animal and placed them under “Vermes”, in Zoophyta in the 12
edition of Systema naturae (1767). Carl Adolph Agardh gave a comprehensive dia-
tom classification in Systema Algarum (1824) and later after few years in Conspectus
criticus diatoma cerum (1830-1832) in Sytema Algarum Agardh classified diatoms
in one order with 50 species.

Friedrich Traugott Kiitzing (1843) classified diatoms into two groups:
Diatomaceae Liberae and Diatomaceae Inclusae with 16 and 10 genera respectively.
Pfitzer (1871) classified diatoms into two divisions Coccochromaticae and
Placochromaticae with two subdivisions each. The classification of Pfitzer was
based on the structure of valve rather than contents of frustule (Williams and
Kociolek 2011).

Petit (1877a, b), followed the classification of diatoms as proposed by Pfitzer and
named his two subdivisions as families. H. L. Smith (1872) classified the diatoms
based on the presence of raphe on the valve into three tribes with 15 families and
110 genera. This classification was adopted by Henri Van Heurck (1878). Franz
Schiitt (1896) classified diatoms into two groups Centricae and Pennatae and his
classification has been proposed in Engler and Prantl’s Die naturlichen
Pflanzenfamilien. With many such classification diatoms are sought to be a unique
group of algae by earlier scientist and has always got recognitions as distinct group.
Pascher (1931) kept diatoms under division Chrysophyta along with Crysophyceae.
Fritsch (1935), proposed the most acceptable and comprehensive diatoms classifi-
cation in which he kept all the diatoms under class Bacillariophyceae with two taxo-
nomic groups Centrales and Pennales. G. M. Smith (1955) and Prescott (1969) kept
Class Bacillariophyceae along with Chrysophyceae and Xanthophyceae in the
division Chrysophyta as there are many important similarities between the two
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groups such as (1) olive green to brown colour chloroplast (2) presence of chloro-
phyll a and ¢ with fucoxanthin and acetylenic carotenoids (3) oil and chrysolami-
narin storage food (4) pleuronematic flagellum of gametes and (5) silicification of
cell wall (Chapman and Chapman 1981). Bold and Wynne (1985) include three
more classes namely Prymnesiophyceae, Eustigmatophyceae, Raphidophyceae
along with Chrysophyceae, Xanthophyceae and Bacillariophyceae in division
Chrysophyta. In comparison to other major algal groups classification of diatoms is
relatively easy to investigate, because the silica shells bear characteristic patterns of
pores and ornamentation. Fritsch (1935), Smith (1955), Prescott (1969), Morris
(1971), Bold and Wynne (1985), and Hoek et al. (2009) divided class
Bacillariophyceae into two orders namely Centrales and Pennales. A simple way of
distinguishing between these two orders is that former one has pill boxes like shape
and later one has shape of date boxes (Chapman 1962). Bold and Wynne (1985)
further divided these orders in to following subgroups:

¢ Order-Centrales

e Valve arrangement is usually to a central point on the valve (centric or radial) or
to 2, 3 or more points (gonioid) which resulted into biangular, triangular or
polygonal valve is evident

— Suborder: Coscinodiscineae
Valve disciform, flat or convex, without prominent processes or intercalary
bands

Melosiraceae e.g. Melosira, Stephanopyxis

Coscinodiscaceae e.g. Coscinodiscus

Asterolampraceae e.g. Asteromphalus

Heliopeltaceae e.g. Actinoptychus

Thalassiosiraceae  e.g.  Cyclotella,  Planktoniella,  Skeletonema,
Stephanodiscus, Thalassiosira

— Suborder: Biddulphiineae
Valve bipolar or multipolar, angles of valves provided with spines, elevations,
ocelli, or other projections

Eupodiscaceae e.g. Eucampia, Odontella, Triceratium, Zygoceros
Lithodesmiaceae e.g. Ditylum, Lithodesmium, Streptotheca
Stictodiscaceae e.g. Stictodiscus

Biddulphiaceae e.g. Biddulphia

— Suborder:Rhizosoleniineae
Frustule long, cylindrical; many intercalary bands present
Rhizosoleniaceae e.g. Guinardia, Rhizosolenia

* Order-Pennales
Structure of the valve is arranged in reference to a central line (pennate) or in
reference to a point not on the valve surface (trellisoid); raphe or a hyaline field
in the axial are present
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— Suborder: Araphidineae
Hyaline field present in the axial area of the valve

Fragilariaceae  e.g.  Asterionella, Climacosphenia,  Fragilaria,
Grammatophora, Rhabdonema, Licmophora, Striatella, Subsilicea,
Synedra, Tabellaria

— Suborder: Raphidiodineae
Rudimentary raphe present at ends of valve

Eunotiaceae e.g. Eunotia

— Suborder: Biraphidineae
Fully developed raphe present on both valves

Naviculaceae e.g. Amphipleura, Berkeleya, Caloneis, Diploneis, Frustulia,
Gyrosigma, Navicula, Pinnularia, Pleurosigma, Stauroneis
Cymbellaceae e.g. Cymbella, Gomphoneis, Gomphonema, Phaeodactylum
Entomoneidaceae e.g. Entomoneis

Bacillariiaceae e.g. Bacillaria, Cylindrotheca, Hantzschia, Nitzschia
Surirellaceae e.g. Campylodiscus, Cymatopleura, Surirella

— Suborder: Monoraphidineae
Raphe present on one valve; hyaline field present on the araphid valve

Achanthaceae e.g. Achnanthes, Cocconeis

Lee (2008) proposed a different classification system of diatoms based on
following characteristics and divided class Bacillariophyceae in to two orders.

Order-Bacillariales or

S.no. | Characteristics Order-Biddulphiales or centrals | pennales

1 Ornamentation Radial or gonoid Pennate or trellisoid

2 Chloroplasts Many One or two

3 Raphe No raphe Possibly present with gliding

4 Spermatozoids Motile with a single tinsel No flagellated spermatozoids
flagellum

5 Sexual reproduction | Oogamous type By conjugation

Although a recent account of the diatoms recognizes many more classes and
orders: there the diatoms (as division Bacillariophyceae) are subdivided into three
classes, Fragilariophyceae (pennate diatoms without a raphe system),
Bacillariophyceae (pennate diatoms with a raphe system) and Coscinodiscophyceae
(the centric diatoms) (Hoek et al. 2009). Recently Williams (2007) and Williams
and Kociolek (2011) gave detailed history of diatom’s classification in which they
have discussed almost all the proposed classifications for diatoms till now.
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3 Occurrence

Diatoms are extremely abundant, cosmopolitan which comprises the main compo-
nent of aquatic systems, especially marine waters. They are widespread and can be
present in terrestrial systems as well as in aquatic habitats as free living photosyn-
thetic autotrophs, colorless heterotrophs, or photosynthetic symbionts. Diatoms are
enormously successful organisms as judged by their adaptability, distribution, bio-
mass and relative antiquity to survive in extreme conditions such as hot springs in
Kuril and Sakhalin Island or extreme low pH lakes in Western Pomerania (NW
Poland) (Nikulina and Kociolek 2011; Witkowski et al. 2011). Diatoms are largely
responsible for the very high primary productivity in temperate or cold parts of the
oceans where pennales mostly represent benthic forms and centrales are plankton-
ics, which forms the basic food of aquatic animals. Many diatoms grow as epiphytes
on the thalli of other algae or stems and leaves and other parts of the higher plants.
Diatoms are also found as facultative heterotrophs (e.g. Nitzschia), or as soil dia-
toms, as endosymbionts diatoms (Hoek et al. 2009). Diatoms are greatly influenced
by water salinity and therefore marine and freshwater forms of diatoms are strik-
ingly different (Potapova 2011).

3.1 Freshwater and Marine Diatoms

e Common marine centric diatoms: Thalassiosira, Chaetoceros, Skeletonema,
Triceratium, Asteromphalus, Rhizosolenia, Biddulphia,

e Common freshwater centric diatoms: Cyclotella, Stephanodiscus, Melosira

e Common marine pennate diatoms: Licmophora

e Common freshwater or marine pennate diatoms: Navicula, Nitzschia, Pseudo-
nitzschia, Synedra, Cocconeis, Gyrosigma, Rhopalodia

e Common primarily freshwater pennate diatoms: Cymbella, Epithemia,
Pinnularia, Gomphonema, Stauroneis, Cymatopleura, Fragilaria, Tabellaria,
Asterionella

3.2 Epizoic and Epiphytic Diatoms

Diatoms are found attached to a number of diverse animal groups such as ciliates,
copepods, cladocera, barnacles, hydroids, krill, bryozoans, whales and porpoises,
diving birds etc. Some of the common epizoic diatoms are Cocconeis, Bennettella,
Epipellis, Melosira, Falcula etc. All types of aquatic vegetation (algae or higher
plants, attached or free floating) can provide habitat for epiphytic diatoms. Some of
the common epiphytic diatoms are Hyalodiscus, Licmophora, Cocconeis,
Campyloneis, Leminicola, Achnanthes, Gomphonema, Fragilaria etc. (Tiffany 2011).
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Fig. 1 Axes and planes of symmetry in a pennate diatoms. (a) Apical axis; (b) Transapical axis;
(c) Pervalvar axis (Adopted from Bold and Wynne 1985)

4 Morphology and Ultrastructure

Diatoms are unicellular, colonial or filamentous in organization. Two major series
may be distinguished on the basis of their symmetry and other features: the pennate
and centric diatoms (Alexopoulos and Bold 1971). With a few exceptions, such as
Phaeodactylum tricornutum and endosymbiotic species, all diatoms are recognized
by the possession of distinctive, essentially bipartite, variously perforated and orna-
mented, silica cell walls (frustules) that enclose the eukaryotic protoplast (Cox
2011). Diatoms are essentially unicellular, although chains of cells and colonial
aggregation may occur. The vegetative cell of mostly diatoms can be regarded as
having either bilateral or radial symmetry. Any diatoms cell with bilateral symmetry
(pennate diatoms) can be positioned along three axes (Fig. 1): the apical axis, the
pervalvar axis and the transapical axis (Bold and Wynne 1985). Diatom cells always
divide along with the apical axis or valvar plane (Hoek et al. 2009).

4.1 Frustule and Raphe System

The key distinguishing feature of the diatoms is their ability to secrete an external
wall, (frustule), which is composed of quartzite (95 %) or hydrated amorphous sil-
ica along with small amounts of aluminum, magnesium, iron, and titanium (Prescott
1969; Lee 2008). Frustule of diatoms composed of overlapping halves like that of a
close fitting container with one larger valve (epivalve) and the other slightly smaller
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Fig. 2 The basic patterns of ornamentation in the Bacillariophyceae. (a) Centric and radial e.g.
Coscinodiscus (b) Trellisoid, e.g. Eunotia (¢) Gonoid, e.g. Triceratium (d) Pennate e.g. Navicula
(Adopted from Lee 2008)

valve (hypovalve). Girdle is located between these two valves, which can be sub-
divided into two overlapping portion: the epicingulum and the hypocingulum. The
epivalve and epicingulum makes epitheca and hypovalve and hypocingulum makes
hypotheca (Bold and Wynne 1985). Under microscope, diatom’s shell can be ori-
ented either in valve view or girdle view (Fig. 2). Simple girdle consist of two cin-
gula only whereas additional pieces of intercalary bands also found in compound
girdle (Bold and Wynne 1985). There may be one, two, or more additional interca-
lary bands besides the girdle that are inserted between the two wall sections (Prescott
1969). The additions of these intercalary bands also help in growth of diatoms along
the pervalvar axis. A certain regular patterns in the siliceous material of the frustule
leave the wall or frustule ornamented into four types: Centric and radial, Trellisoid,
Gonoid and Pennate as shown in Fig. 2 (Lee 2008):

Raphe system (a longitudinal slit in the theca) found in many pennate diatoms is
an opening or fissure running along the apical axis (Bold and Wynne 1985). It is
supposed that raphe is involved in diatom’s locomotion because raphe less diatoms
always move sluggishly. Raphe-bearing diatoms are also known as raphid dia-
toms. Each raphe also divides the cell in two equal parts by the central nodule
which terminates at polar nodule (Lee 2008). In cross section the raphe is sometime
shaped like a “V” because slitting of the raphe as in Pinnularia (Hoek et al. 2009).
Electron microscopical studies suggest that raphe system is also associated with
several other cytoplasmic structures. A pseudoraphe, an unornamented area running
down the center of the valve is present in those pennate diatoms, where raphe is
absent (Fig. 3). Apart from the raphe, there are two other types of wall perforations
found in diatoms (1) the simple pore or hole, and (2) the more complex loculus or
areola (Lee 2008).

Areolae are complex structures and have silicified layer, a sieve membrane which
is also known as pore membrane or velum or cribrum or rica also found at one end
(inside/outside) of the loculus (Lee 2008; Graham and Wilcox 2000). This mem-
brane resembles honeycomb. Some processes or extensions found on colony form-
ing diatom’s valve to maintain contact between themselves. These extensions have
different names such as cornutate, strutted, spinulae, awns or setae (Lee 2008).
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Fig. 3 (a) Valve view of Pinnularia with a raphe system, (b) Girdle view of Pinnularia (c)
Tabellaria with a pseudoraphe system (Adopted from Lee 2008)

4.2 Extracellular Mucilage

In some diatoms, extracellular mucilage or slime pores (Mucilage secreting pores)
are also reported. The extracellular mucilage aggregates are of five types namely
tubes, pad, stalks, fibrils and adhering films (Fig. 4). According to some phycolo-
gists mucilaginous secretions help in diatom’s movement and attachment.

4.3 Protoplast

Protoplast is present within the cell wall and in a photosynthetic diatom, it com-
prises of a nucleus, mitochondria, endoplasmic reticulum, Golgi bodies, chloroplast
with or without pyrenoids. One or two large central vacuoles are often present. The
position of nucleus varies in both centrales and pennales diatoms.

The nucleus may often be present in the central portion of the vacuole interrupted
by a broad band of cytoplasm in some pennales or araphid diatoms (Smith 1955)
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a b c

Fig. 4 Extracellular mucilage in diatoms. (a) Tube of Navicula, (b) Pads of Asterionella, (c) Stalk
of Gomphonema, (d) Fibrils of a centric diatoms and (e) Adhering film of a pennate diatoms
(Modified from Hoagland et al. 1993 and Lee 2008)

and raphid diatoms or it may be positioned against the girdle in centrales (Pickett-
Heaps et al. 1988). In most of the raphid diatoms nucleus is always positioned at one
side of the cell or oscillates across the cell with subsequent mitosis (Mann 1982a, b).
Numerous Golgi bodies surrounded by vesicles are present in protoplast. Golgi
bodies in some centric diatoms are closely associated with endoplasmic reticulum
and mitochondria and forms the Golgi-Endoplasmic Reticulum-Mitochondria com-
plex (Medlin et al. 2000). Mitochondria are dispersed throughout the protoplast.

4.4 Plastids and Storage Food

Diatoms chloroplast has the same structure as in other typical members of the
Heterokontophyta. Chloroplast remains surrounded by two membrane and outer
membrane of chloroplast endoplasmic reticulum being continuous with the outer
membrane of the nuclear membrane. Pyrenoids remain centrally placed in chloro-
plast. Chloroplasts are either brownish or greenish in colour and contains chloro-
phyll a, ¢; and ¢, along with fucoxanthin (carotenoid) which give golden brown
colour to diatoms. Chlorophyll 4 is never found in diatoms. Some diatoms (apochlo-
rotic diatoms) live on decaying marine vegetation and the mucilages of seaweeds
(Lee 2008). These diatoms have no visual plastids and thus become facultative het-
erotrophs (Hoek et al. 2009).

Chrysolaminarin ($-1,3-linked glucan) is the main storage product of diatoms,
which is located in vesicles in the diatoms (Hoek et al. 2009). Diatoms also contain
unique 4a-methyl sterols, such as 4-desmethylsterol and cholesterol (Granum and
Myklestad 2001; Lee 2008).
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labiate processes

Fig. 5 Diagram of side view of Odontella showing the location of the labiate processes (After
Pickett-Heaps et al. 1986 and Lee 2008)

5 Motility

Diatoms do not move in a continuous straight line but in a series of curves and zig-
zags. One of the most spectacular patterns of motility is seen in Bacillaria paxilli-
fera, a colony of pennate cells that continuously line up and then synchronously
slide apart with precise rhythmic patterns (Bold and Wynne 1985). A number of
hypothetical mechanisms have been proposed to explain diatom motility (Graham
and Wilcox 2000). Pennate diatoms with a raphe system and centric diatoms with
labiate processes can glide over the surface of a substrate which leaves a mucilagi-
nous trail in their wake (Fig. 5). Labiate processes projects inward, terminating a
flattened tube with a longitudinal slit surrounded by two liplike edges (Bold and
Wynne 1985). These processes may be one to many. Raphe in pennate diatoms
determine path of gliding which can be straight (e.g. Navicula), curved (e.g.
Amphora) or curved with two different radii (e.g. Nitzschia). Some diatoms also
exhibit alternate movement (backward and forward) at an interval of a minute. The
contact of raphe with surface also helps in diatom’s gliding. If girdle contacts the
substrate, a mucilaginous tether from the raphe near the central nodule attaches to
the substratum and the cell pulls itself onto a valve containing a raphe using the
tether (Lee 2008). Bundles of actin microfilaments parallel to raphe are found in
gliding pennate diatoms. Labiate processes of some centric diatoms have a pore (slit
like opening in rimoportula tube which is an elongate tube through the cell wall) in
the center and secrete mucilage which helps in movement of centric diatoms (Hoek
et al. 2009). According to Pickett-Heaps et al. (1988) raphe of pennate diatoms
evolved from labiate processes of some centric diatoms.

6 Formation of the Cell Wall

Diatoms cell wall is an amorphous and non-crystal structure, consisting of polymer-
ized silicic acid, along with protein, polysaccharides and lipids (Hoek et al. 2009).
During cell division of diatoms which is a normal method of reproduction, the valve
of the parent cell becomes the epitheca of the two daughter cells. Each daughter cell
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then produces a new hypotheca (Lee 2008). Therefore, one daughter cell is of the
same size as the parent cell, and the other is smaller. To overcome this uptake of
silica is confined prior to the separation of the two daughter cells and there is a great
requirement of silicon, if cell division is to take place. Silicon metabolism in dia-
toms has been the focus of research interest (Bold and Wynne 1985). Solid silica
dissociates to produce silicic acid (97 % of dissolved silicon of oceans and 23 % of
freshwater) under water:

Si0, (Solid) + 2H,0 =3 1)

“Silicicacid
Most of the Si(OH), is present as ionized silicic acid
Si(OH), +H,0 =SiO(OH); +H~

At pH less than 9 this silicic acid gets auto-polymerized to form amorphous sil-
ica, main form of silicon in diatom cell walls. With the help of a transport protein,
silica is taken up into the diatom cell by active transport system. Epitheca is pushed
away from hypotheca before cell or nuclear division. The silicalemma or membrane
of the silica deposition vesicles formed by the fusion of translucent vesicles pro-
duced by golgi body beneath invagination of the plasmalemma during cell division
(Lietal. 1989). Packaging of silicon is accomplished by golgi into vesicles with the
help of microfilaments in the cytoplasm (Lee 2008). These vesicles determine the
final form of the silicified frustule. In the form of 30-50 nm diameter spheres, silica
remain deposited as amorphous form in diatoms (Crawford et al. 2001). Silaffin
peptide determine the size of silica sphere and controls the frustule ornamentation.
Frustulins (a glycoprotein) is also associated with the silica deposition vesicle. After
complete deposition of silica inner membrane of the silicalemma becomes the plas-
malemma of the daughter cell (Lee 2008). According to Bidle and Azam (1999) this
silica usually dissolves after death of diatom cell.

7 Reproduction

The diatoms have a complex life cycle, as in other unicellular microalgae, diatoms
also has two main distinct but interconnected phases-vegetative phase and a sexual
phase. Vegetative phase includes mitosis and increase in cell number, whereas sex-
ual phase includes meiosis and genetic recombination. Diatoms have a peculiar
property in their life cycle, i.e. the diatoms cell progressively reduce in size after
each mitotic division (Round et al. 1990). In such diatoms, the sexual phase is the
only way to avoid death and reduction in number. Although, some diatom species
evolve by enlargement in size to escape extreme miniaturization (Chepurnov et al.
2004).
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7.1 Vegetative Phase
7.1.1 Cell Division

This is the commonest method of reproduction and usually cell division occurs at
night. When a cell has to undergo division, protoplast expands, losing the connec-
tions between the overlapping thecae. The nuclear division takes place mitotically
along with the division of cytoplasm in a longitudinal axis. Before the division of
cytoplasm the cell organelles also duplicates. Sometimes spindles are formed by the
centrosomes during nuclear division. After division each half is present either in
epitheca or hypotheca, with opposite sides naked. A new hypotheca forms in each
half of divided cell, thus reducing the size of one cell (Figs. 6 and 7).

7.1.2 Resting Spore Formation
Under stress conditions the cell wall of some diatoms such as Ditylum, become

thick, thus forming dormant or resting spores which can survive unfavourable
period and divide on the onset of favourable period. During resting spore formation

Epitheca Hypotheca Spindle New Wall Daughter cells

Chromatophores

Daughter

Nucleus

Fig. 6 Cell division in a pennate diatom
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Fig. 7 Process of cell division in diatoms showing continuous reduction in cell size
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the protoplasm of the parental frustule darkens, contracts and develops a very heavy
siliceous wall of its own. The cytoplasmic volume of these resting cells decreases
due to the loss of vacuoles and their contents along with reduction in numbers of
mitochondria and formation of large lipid bodies. Resting spores show sharp reduc-
tion in photosynthesis and respiration process. After formation the resting spore
sinks to bottom (Bold and Wynne 1985). During germination, the resting spore
produces a number of fine protoplasmic strands, which radiate in all directions (Lee
2008). Compared to auxospores formation (sometime once in more than 2 years)
resting spores formation is more frequent in diatoms. Light, temperature, and salin-
ity are comparatively stable parameter in sea thus nutrient depletion is main stress
shock for resting spores formation which normally occurs after diatoms bloom (Lee
2008). In freshwater there is frequent environmental changes than marine waters
which makes it more suitable for resting spore formation. Compared to pennate
diatoms resting spore formation is far more common in centric diatoms.

7.2 Sexual Reproduction or Auxospores Formation

Compared to resting spores formation of auxospores is quite rare which is formed
by the fusion of gametes. According to Edlund and Stoermer (1997) sexual repro-
duction or auxospore formation occur only in two conditions: (1) if cell reach one
third of their maximum size and (2) during suitable environmental condition such as
temperature, light, nutrients, trace metals, organic growth factors, and osmolarity
(Lee 2008). Contrary to other algal groups diatoms undergo sexual reproduction for
restoration of cell size. In centric and gonoid diatoms only male gametes bear fla-
gella (motile) and female gamete act as egg cell (non-motile). On the other hand in
pennate and trellisoid diatoms gametes are flagella-less. The fusion of gametes
results into the zygote which is also known as “Auxospore”. It is larger than the
vegetative cells and is surrounded by a two piece silicified wall called “perizonium”,
which can be smooth or ornamented. The perizonium is secreted by the zygotic
protoplast and it replace the thin zygotic membrane, when a zygote grows. When
perizonium covers the auxospores which is a growth spore, it photosynthesis and
grow rapidly to attain the size greater than the vegetative cell from which it has been
formed. After this frustule is secreted, a new diatom is formed. Auxospores develop
into three types’ namely isodiametric auxospores (e.g. Melosira, Coscinodiscus,
Stephanopyxis), properizonial! auxospores (e.g. Chaetoceros) and perizonial auxo-
spores (e.g. Navicula, Pseudo-nitzschia). Isodiametric and properizonial auxo-
spores are common in centric diatoms whereas perizonial auxospores are formed in
pennate diatoms (Lee 2008). Isodiametric auxospores are normally attached to the
parent valves during maturation. The immature properizonial auxospore splits and

'The term perizonial derived from perizonium. Perizonium is an inner silicified membrane within
which the initial cell is formed. In the great majority of centric diatoms only one membrane or
fertilization membrane or perizonium remain (Bold and Wynne 1985).



248 S. Kumar et al.

bands (also known as properizonium) are produced from an asymmetrical auxo-
spore. On the other hand in perizonial auxospores immature globular auxospores
has scales embedded in a primary wall and the primary auxospores wall divide into
two equal halves. Auxospore formation vary considerably in Centrales and Pennales

diatoms as discussed below.

7.2.1 Auxospore Formation in Pennales

Mostly the pennate diatoms are monoecious (homothallic) and rarely dioecious
(heterothallis) for e.g. Rhabdonema adriaticum and Navicula halophila. In pennales
auxospores are either formed mostly by union between iso and anisogametes, or
oogamy and rarely by autogamy or parthenogenesis.

* Fusion of iso or anisogametes: The fusion of isogametes or anisogametes either
forms one auxospore from two cells or two auxospores from two cells

A. Formation of single auxospores from fusion of two cells: It is common in
Surirella saxonica, Cocconeis species. During conjugation two diatoms (sis-
ter or non-sister cells) come close and lie next to each other either by side to
side or end to end (Fig. 8). Once they are close, get eneveloped by common
mucilage secreted by them. The first meiotic division takes place in diploid
nuclei of both cells, but there is immediate degeneration of one sister nuclei
in each cell. There may be degeneration of one nucleus after each division
(Cocconeis pediculus) or three haploid nuclei degenerate after the comple-
tion of meiosis. In each sister cell (Geitler 1927; Karsten 1899), resulting into
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Fig. 8 Two fusing diatoms lying close to each other in a common mucilaginous envelope
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one haploid nuclei in each cell. Protoplast of which finally behaves as a hap-
loid gamete. It escapes from the frustule. Since, the liberated gametes are
identical are called Isogammetes. The two isogametes show amoeboid move-
ment, escape from the parent frustule and fuse immediately in between the
empty parent cells, forming a diploid zygote. The zygote enlarge, (more in
longitudinal plane) and functions as an auxospores. Later, it secretes a fresh
frustule within the perizonium, thus producing a new vegetative cell resem-
bling parent cell both in size and construction.

B. Formation of two auxospores from fusion of two cells: In Pennale diatoms,
this is the commonest method, e.g. Cymbella lanceolata. During this, the two
diminutive diatoms of same species come together and secrete a mucilagi-
nous envelop around them. The diploid nucleus of each cell divides meioti-
cally and forms four haploid nuclei, two of which degenerate. The protoplast
of sustaining cells now divides into two equal or unequal daughters either
longitudinally or transversely, which functions as a gamete. Each gamete thus
contains one large haploid nucleus (functional) and one degenerated haploid
nucleus. The two gametes formed by a cell may be of equal or unequal in size
depending on whether the division is equal or unequal in parent protoplast.
The two gametes produced by a cell normally unite with the gamete produced
from the other cell and many a times physiological anisogamy is present
(Smith 1955). The gametic union occurs by either of the following ways:

(i) Both the gametes are amoeboid, alike and are isogametes. They unite
midway between the parent frustule and the two zygote are formed out-
side the parent frustule and this is the most common method e.g.
Navicula radiosa

(i1) Either of the gamete is active or amoeboid and the other one is passive
or immobile. This type of condition is observed either in two gametes of
same cell, or one parent cell produces two mobile gametes and other
parent cell produce two immobile gametes (e.g. Navicula halophila).
This condition represents physiological anisogamy.

The mobile gametes, move out of the parent frustule and creep inside
the other parent cell to fuse with the passive gametes of other cell and
produces two zygotes in one cell. They remain dormant for some time
and later enlarge parallel to the longitudinal axes of the parent frustule
to form an auxospores. The auxospores is considerable larger than the
parent cell and is enclosed by a membrane called perizonium, secreted
by the either auxospores or it may be a ruminant of zygotic membrane.
A new frustule is secreted inside the perizonium.

(iii) In the third method, the two gametes are morphologically alike and have
functional disparity. One of the gamete produced in parent frustule is
smaller and active (amoeboid), while the other one is bigger and pas-
sive. Such type of gametes represents physiological anisogamy as the
division of protoplast to form gametes is asymmetrical resulting into
two gametes of unequal size with different functions. The amoeboid
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gamete from each parent frustule will come out, creep into the other
parent frustule and will fuse with its passive counterpart e.g. Cymbella
lanceolata, Gomphonema parvulum. By this method each cell have one
zygote.

Auxospore formation by oogamy (von Stosch 1958): Such type of auxospores
formation is reported in dioecious diatoms example Rhabdonema adriaticum.
One bigger diatom cell acts as female egg cell or oogonium. The diploid nucleus
of oogonium undergoes meiosis and produces four haploid nuclei. Later the pro-
toplast cleaves into a large functional ovum with two nuclei out of which one
degenerates on maturity. The functional ovum occupies the upper third part of
the female cell. Spermatogonia are formed in distinct male cells, which are
smaller and numerous in number. Each spermatogonium nucleus undergoes mei-
osis, followed by cleavage of parent protoplast into two globular, naked, non-
flagellated microgametes. Out of two microgametes one is fertile and other
aborts. On liberation, the spermatogonium, carried away by water current to the
oogonium and both of them get adhered because of mucilaginous pads. Only the
male nucleus enters the oogonium for fertilization. The diploid zygote thus
formed matures into an auxospores as usual.

Auxospore formation by autogamy: During autogamy, the diatom (e.g.
Amphora normani) secretes thick mucilage, undergoes meiosis and forms four
haploid nuclei, two of which degenerate. Two remaining haploid nuclei fuse
immediately forming a diploid nucleus (autogamy). The protoplast with new
diploid nucleus comes out from the old frustule and develops into a new
auxospore.

Auxospore formation by parthenogenesis: During the process auxospore for-
mation does not involve sexual reproduction and meiosis is replaced by mitotic
division resulting into a diploid daughter cells. It has been reported in Rhabdonema
adriaticum, Navicula, Nitzschia, Cocconeis placentula (Geitler 1973). During
parthenogenesis the protoplast of a quiescent cell comes out and directly grows
into an auxospore without any nuclear change or in many cases somatic division
takes place in parent cell producing two daughters, each growing into an auxo-
spore (Fig. 9).

7.2.2 Auxospore Formation in the Centrales

In centric diatoms sexual reproduction and auxospore formation are commonly

occur by oogamy or autogamy. Isogamy and anisogamy are not common in cen-

trales. A single auxospore is formed by a single individual which may be an old cell

or a newly divided cell.

Auxospore formation by oogamy: The sexual mode of auxospore formation is
common in many centric diatoms, where different diploid cells act as male or
female gametangia. The male diatom cell or antheridia, may be a modified
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Auxospores

Empty Theca

Degenerate Nucleus

Fig. 9 Auxospore formation by parthenogenesis or apogamy in Cocconeis placentula var. lineata.
Nuclear division in B and C are mitotic (Adopted from Reddy 2001)

f Diploid female Nucleus

Epitheca
Diploid Nucleus

Epitheca

Auxospores.

Hypotheca
Haploid

Fig. 10 Auxospore formation by oogamy in the distinct male and female centric diatom Melosira
varlans (Adopted from Reddy 2001)

vegetative cell (Cyclotella species) or may be formed by division of a vegetative
cell (Melosira species) (Fig. 10). Each antheridium or spermatogonium produces
numerous sperm cells which vary from specie to species. There number varies
from 4, 8, 16, 32, 64 or it may even reach 128 which is a rare phenomenon. Cell
which act as an antheridium undergoes meiosis and produces haploid spermato-
zoids, which were earlier considered to be asexual in nature and was termed
microspores. These spermatozoids are motile and have a single tinsel flagellum.
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Chromatophores
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" 4 Haploid Nuclei
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Fig. 11 Auxospore formation by autogamy in the centric diatom Cyclotella meneghiniana
(Adopted from Reddy 2001)

Both uniflagellate and biflagellate sperms has been observed experimentally in
culture of Cyclotella meneghiniana and C. cryptica by Schultz and Trainor
(1970). The female gamete or egg is produced singly in an oogonium. The female
cell undergoes meiosis and produces four haploid nuclei of which three nuclei
disintegrates and one surviving nucleus along with undivided protoplast function
as an egg. The spermatozoids get released from antheridium by the separation of
frustule and theca. They swim and search egg. Both spermatozoid and egg cells
get attached by mucilaginous fibres resulting into a zygote. After fertilization the
zygote (diploid) gets released from the parent frustule and develops into an auxo-
spore. The auxospore increases in size, its diploid nucleus divides into two by
mitosis and only one persist. The auxospore with diploid surviving nucleus
secretes a frustule inside the perizonium which called as “First ling Cell”. This is
a new diatom individual.

¢ Auxospore formation by autogamy: During autogamy, the protoplast of the
diploid cell secretes a mucilaginous covering, forcing apart the theca, and nucleus
undergoes meiosis resulting into four haploid nuclei. Out of four newly formed
nuclei only two survive and fuse with each other thus resulting into a diploid
nuclei. This is known as autogamy. After the formation of diploid nucleus, the
protoplast escape from the parent frustule, and develops into an auxospore by
forming a fresh frustule within the perizonium (Fig. 11).
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8 Defense Against Predation

Some diatoms (e.g. Phaeodactylum, Skeletonema) release specific chemicals to
defend themselves from many predators such as copepods, sea urchins, polychaetes,
and ascidians. These chemicals include highly unsaturated fatty acids such as eico-
sanoic acid, which is only toxic after the unsaturated fatty acid it’s released into the
environment and conversion into an aldehyde (Lee 2008). Diatoms spine which
help to kept diatoms at upper layer of oceans or lakes also discourage grazing by
herbivorous zooplankton (Hoek et al. 2009).

9 Economic Importance

9.1 Diatomaceous Earth

In some parts where diatoms are largely responsible for the very high primary pro-
ductivity and are found in abundance, the death of diatoms and there sinking to the
bottom of these areas results in the accumulation of diatom oozes. Normally the
frustules of diatoms are dissolved by bacterial degradation but under certain circum-
stances, the frustules remain intact and accumulate at the bottom of the water. These
large fossil deposits from past geological period (but not older than Cretaceous era)
are known as “diatomite” or “diatomaceous earth” or “kieselguhr” (Lee 2008; Hoek
et al. 2009). This diatomaceous earth is being used by several industries such as:

* Toothpaste

¢ Metal polishes

e As an absorbent for liquid nitroglycerin to make dynamite that could be trans-
ported with comparative safety

* Filtration of liquids, especially sugar refineries

e As insulation of boilers, blast furnaces, and other places where a high tempera-
ture is maintained

9.2 Diatoms as Indicators

Diatoms are also being used as indicators of water quality and pollution tolerance
(Bold and Wynne 1985). Many heavy metals have inhibitory effect on diatoms such
as Cu, Zi and Ge can inhibit silicon metabolism whereas Hg, Cd, and Pb inhibit cell
division. On the other hand Cr, Ni, and Se have inhibitory effect only at very high
concentration (>1 pM). Due to high sensitivity copper is normally being used to
control diatom blooms. Concentrations of germanium dioxide (GeO,) above 1.5 mg
liter ! will specifically suppress the growth of diatoms except those which have little
or no silicified wall such as Phaeodactylum tricornutum (Lee 2008).
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9.3 Health Effects

Some diatoms show shellfish poisoning such as Nitzschia, Pseudonitzschia, and
Amphora (Lee 2008). Memory loss (amnesia), abdominal cramps, vomiting, disori-
entation, and even death can be seen in human and other animals after subsequent
ingestion of shellfish (Lee 2008).

10 Adaptation of Diatoms

Main problem which is faced by heavy silica cell walled diatoms during photosyn-
thesis is to remain in the uppermost layers of lakes or oceans to get enough light
(Morris 1971). To overcome this problem several marine diatoms such as Ditylum
reduce their density and become more buoyant by excluding heavy ions from their
cell sap. Some diatoms increased their surface area by setae (Chaetoceros) or by
cells shaped as discs (Coscinodiscus), ribbons (Fragilaria) or elongate forms
(Rhizosolenia) (Lee 2008). On the other hand many diatoms bear long spines, horns,
setae or other protrusions such as in Thalassiosira that result in a greater surface
area relative to the volume (Bold and Wynne 1985; Hoek et al. 2009). Some diatoms
(e.g. Ditylum) change rate of fat deposition with light period to remain floating.

Diatoms living at great water depth which receive only blue-green light have a
“switch on mechanism” to capture maximum light and increased fixation of carbon
dioxide (Lee 2008). Many diatoms such as Rhizosolenia and Hemiaulus also remain
as symbionts with nitrogen-fixing bacteria and cyanobacteria. Rhizosolenia can sink
(negatively buoyant) after nitrogen deprivation but can move up (positive buoyant)
after taking up nutrients (Lee 2008).

11 Phylogeny

In terms of evolutionary diversification, the diatoms have been widely successful
(Graham and Wilcox 2000). First diatoms were discovered at the beginning of eigh-
teenth century but lack of advance microscopic technology it took almost one cen-
tury for their detailed study (Mann and Evans 2007). Because of the siliceous nature
of the diatom cell walls, well preserved fossil are available. The centrales have been
reported from the Jurassic and the Pennales from early Tertiary (Kumar and Singh
1971). The group of diatom is one of the rare groups in which no organism regarded
previously as diatoms have been not to be diatoms. However there are some uncon-
ventional representatives too such as shell-less endosymbionts of dinoflagellates
(Mann and Evans 2007). Well before the molecular techniques, transmission elec-
tron microscopy and basic biochemical techniques had shown long before that dia-
toms belong to heterokonts, together with Phaeophyceae, Crysophyceae,
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Xanthophyceae, Eustigmatophyceae, Oomycetes and some other classes of autotro-
phic and heterotrophic protists (Mann and Evans 2007). Molecular sequences infor-
mation revealed two lineage or clades. Clade 1 consist of Centric diatoms, many of
which may possess peripheral rings of tube-like structure (labiate processes or
rimoportulae. Clade 2 includes centric diatoms having central labiate processes or
fultoportula and pennate diatoms (Graham and Wilcox 2000). Fossil records sug-
gest that centric diatoms evolved before pennate diatoms (Round et al. 1990).
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