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ABSTRACT

The nutrition, chemical composition and ultrastructure of the

unicellular chlorophycean flagellate Phacotus lenticularis are

investigated, with special emphasis on the lorica and extracellular

mucilage. Cells of P. lenticularis are distinguished by the presence of

a bivalved lorica, which can vary in size, shape and color depending
upon culture conditions.

Elemental analysis of isolated loricas with SEM-EDS reveals
differences in dark and colorless loricas. Dark loricas have manganese
as the principal element, whereas in colorless loricas, calcium is the
predominant element. The presence of nitrogen in the medium influences
both the size and elemental composition of the lorica.

The lorica matrix is estimated to contain ca. 36% carbohydrate,
26% protein and 4% ester-linked sulfate, with the amino acid hydroxy-
proline accounting for ca. 1% of the protein. Chemically, the lorica is
composed of a structural polymer of glucose, with a supporting acid
mucopolysaccharide matrix.

The lorica is composed of two structural elements. A granulo-
fibrillar comﬁonent, deposited first during development, is closely
appressed to the surface of new cells. Dense stellate cores are then
deposited in an orderly array external to the granulo-fibrillar layer
and are subsequently interconnected to form a continuous structure.
Production of lorica precursor materials occurs in the Golgi apparatus.
Loricas undergo an autolytic process in which core and fibrillar
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components dissociate, thereby allowing for the release of daughter cells
after cytokinesis.

Extracellular mucilage, produced by the cells at all times during
culture, is ca. 50% carbohydrate, 12% protein, 16% sulfate and 5% uronic
acid, by weight. Seven sugars and 12 amino acids are detected by thin-
layer and gas-liquid chromatographic methods, with hydroxyproline as the
most abundant amino acid in the mucilage.

Ultrastructurally Phacotus differs from previously described
phacotacean algae in the structure of the pyrenoid and stigma. A
chloroplast lamellar lattice is described for the first time in any
volvocalean alga.

The phylogenetic position of Phacotus is re-evaluated in terms of
its mode of cell division and type of cell covering. That Phacotus may
have diverged from the chlamydomonad line before the evolution of a true

cell wall is discussed.
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CHAPTER I
INTRODUCTION

Members of the algal family Phacotaceae (order Volvocales, class
Chlorophyceae) are motile unicells which are distinguished by the presence
of a non-living surface layer or encasement, the lorica. These organisms
may have two or four flagella; biflagellate members, such as Phacotus,
have two axial flagella inserted at an oblique angle with respect to the
long axis of the cell. The protoplast of phacotacean genera has a
typical chlamydomonad organization, with a cup-shaped chloroplast with an
eyespot and one or more pyrenoids and contractile vacuoles at the base of
the flagella (Smith, 1950; Bourrelly, 1966; Bold and Wynne, 1978). The
lorica is commonly impregnated with various compounds such as iron,
manganese and calcium (Smith, 1950; Huber-Pestalozzi, 1951; Bourrelly,
1966; Gerard, 1980; Porcella and Walne, 1980) but recent studies have
shown the presence of other substances such as silicon and aluminum
(Gerard and Walne, 1978; Gerard, 1980). In some genera, the lorica is
larger and not the same shape as the protoplast, with a space between the
two; in others, the two are tightly appressed (Smith, 1950). At
cytokinesis, fhe lorica separates or fragments irregularly (Bourrelly,
1966). Pertinent literature concerning the Phacotaceae is summarized
in Table I.

The genus Phacotus has a compressed lorica composed of two over-
lapping halves. The lorica is reportedly impregnated with some form of
calcium and often has a sculptured appearance (Smith, 1950). The

1



TABLE I

A PARTIAL SUMMARY OF PERTINENT LITERATURE

ON THE PHACOTACEAE

Date Author Contribution

1899 Dangeard, P. A. Wrote the original description of Phacotus.

1916 Takeda, H. Wrote the original description of the new
genus and species Dysmorphococcus variabilis.

1925 Skvortzow, B. B. Described the new genus and species

1927a

1927b

1930
1938

1941
1942

1942

1942

1944

Pascher, A.

Pascher, A.

Conrad, W.

Bold, H. C.

Singh, J.
Brinley, F. J. and
L. J. Katzin

Higinbotham, N.

Lackey, J. B.

Jane, F.

Wislouchiella planktonica.

Described and illustrated Phacotus lenticu-
laris var. sphaerica and Wislouchiella
planktonica in a report of rare algae.

Described and illustrated 8 species of
Phacotus and 7 species of Pteromonas found
in Europe.

Described 2 new species of Pteromonas.
Reported the occurrence of Dysmorphococcus

variabilis for the first time in the United
States.

Isolated 2 species of Phacotus from the soil.

Reported the widespread occurrence of
Phacotus lenticularis and Wislouchiella
planktonica throughout the Ohio River system.

Wrote the original description of the genus
Cephalomonas.

Described 2 species of Phacotus and 1 of
Wislouchiella from the watersheds of the
Cumberland and Duck Rivers in Tennessee.
Commented on the need for a critical taxo-
nomic examination of some members of the
Phacotaceae.

Described the new species Pteromonas varians
and Coccomonas platyformis.




TABLE I (Continued)

Date Author Contribution

1949 Hortobagyi, T. Described the new species Coccomonas eberii.

1950 Kampter, E. Investigated the chemical composition of the
lorica of Phacotus and noted the lack of iron.

1950 Smith, G. M. Described the Phacotaceae, including species
of 8 genera found in the United States.

1953 Bold, H. C. and Described the new species Dysmorphococcus

R. C. Starr globosus.

1955 Cole, G. A. Described Phacotus lenticularis as one of the
most abundant profundal forms encountered in a
survey of Minnesota lakes, with a high
tolerance for anoxic waters.

1956 Bourrelly, P. Described members of the Phacotaceae, with

1957

1961

1963

1965

1966

1967

1970

1975

Fott, B.
Huber-Pestalozzi,
G.

Swale, E.M.F,
Peterfi, L. S.
and S. Peterfi
Evans, J. H.
Belcher, J. F.
and E.M.F. Swale
Prescott, G. W.

Porcella, R. A.
and P. L. Walne

descriptions of both Phacotus and
Wislouchiella.

Described the new species Pteromonas
condiformis.

Described and illustrated 14 species of
Phacotus.

Documented the taxonomic history of
Pteromonas angulosa.

Detailed the morphology of 5 species of
Pteromonas.

Discussed the taxonomic features and cultural
characteristics of Pteromonas varians.

Described the species Pteromonas tenuis with
light and electron microscopy.

Described the 8 Phacotacean genera found in
the United States.

Described the ultrastructure of the vegetative
cells and the development of the lorica in
Dysmorphococcus globosus.




TABLE I (Continued)

Date Author Contribution

1976 Porcella, R. A. Described the ultrastructure and lorica
development in Dysmorphococcus globosus.

1978 Gerard, D. A. and Described the surface configuration and
P. L. Walne chemical composition of the lorica of
Pteromonas protracta.

1979 Dawson, J. T. and Reported a new species, Dysmorphococcus

D. 0. Harris africana, from South Africa.

1979 Gerard, D. A. and Described lorica development in Pteromonas
P. L. Walne protracta.

1979 Good, B. H. and Reported the possible presence of a sporo-
R. L. Chapman pollenin in the lorica of Dysmorphococcus.

1980 Gerard, D. A. Described the ultrastructure, elemental

composition and development of the lorica of
Pteromonas protracta.

1980 Porcella, R. A. Described the structure of the lorica of
and P. L. Walne Dysmorphococcus globosus.
1981a Pocratsky, L. A. Reported the chemical composition of the lorica
and P. L. Walne and extracellular mucilage of Phacotus
lenticularis.

1981b Pocratsky, L. A. Described the chemical, nutritional and ultra-
and P. L. Walne structural characteristics of the lorica and
extracellular mucilage of Phacotus lenticularis.

1981 Shyam, R. Studied the life cycle of Dysmorphococcus
sarmaii.




protoplast is ovoid and is in contact with the lorica at the anterior
end only. Asexual reproduction results in 2, 4 or 8 daughter cells
which are released by a longitudinal division of the lorica. Resting
stages (such as aplanospores) and palmelloid forms are common. Sexual
reproduction is known in certain species (Bourrelly, 1966).

Lorica construction has been studied most extensively in the
Chrysophyceae in which several types of loricas have been defined.
Taxonomic re-evaluations of lorica structure have led to the character-
ization of several types of loricas. They are (1) individual imbricate
scales, each composed of microfibrils (Hilliard and Asmund, 1963);

(2) microfibrillar structure sometimes thickened and obscured by mineral
deposits and usually with a helical or annular construction (Belcher,
1968; Wujek, 1969; Hilliard, 1971; Kristiansen, 1972); (3) a less-
patterned microfibrillar arrangement with both single- and double-walled
loricas (Kristiansen, 1969, 1972); (4) a "primitive" microfibrillar
arrangement (Schnepf et al., 1975; Herth et al., 1977) and (5) non-
microfibrillar, consisting of a mucilaginous matrix impregnated with
needle-shaped crystals (Belcher, 1969; Belcher and Swale, 1972). Other
criteria used in lorica classification include its shape and size, its
chemical or elemental composition and whether it is entire or valved.

A summary of literature pertaining to protistan loricas is presented in
Table II.

In the Phacotaceae, the loricas of only two genera, Dysmorphococcus

and Pteromonas, have been examined at the ultrastructural level (Porcella,

1976; Gerard, 1980; Porcella and Walne, 1980). These studies revealed



TABLE II

A PARTIAL SUMMARY OF PERTINENT LITERATURE

ON PROTISTAN LORICAS

Date Author Contribution

1950 Kampter, E. Reported an absence of iron in the lorica of
Phacotus.

1950 Middlehoek, A. Described and illustrated the lorica of
Bicosoeca planktonica.

1953  Pringsheim, E. G. Described the loricas of 13 species of
Trachelomonas grown in culture and discussed
their reliability as a taxonomic trait.

1956  Singh, K. P. Discussed the morphology of the lorica in
six species of Trachelomonas.

1958 Petersen, J. B. Discussed the loricated neuston organisms

and J. B. Hansen Hyalobryon minutum, Hyalocyclix stipitata
and Chromophyton rosanoffii.

1961 Fjerdingstad, E. J. Described the ultrastructure of the collar of
the choanoflagellate Codonosiga botrytis.

1963 Hilliard, D. K. Examined the morphology of Dinobryon,

and B. Asmund Hyalobryon and Epipyxis with electron
microscopy. Combined some species of
Hyalobryon and Dinobryon into the genus
Epipyxis on the basis of lorica structure.
1967 Karim, A.G.A. and Detected the presence of fine cellulose-like
F. E. Round microfibrils in the lorica of several species
of Dinobryon by electron microscopy.

1967 Belcher, J. H. and Described the structure of Pteromonas tenuis

E.M.F. Swale by 1ight and electron microscopy, with
reference to the lorica.

1968 Belcher, J. H. Discussed the lorica construction of
Pseudokephyrion pseudospirale. Found the
Torica was composed of a microfibrillar
skeleton and mineralized deposits.

1968 Gold, K. Detected the presence of proteins in the

lorica of the ciliated protozoan Tintinnida.



TABLE II (Continued)

Date Author Contribution

1968 Tappan, H. and Compared the lorica composition of modern
A. R. Loeblich and fossil Tintinnida.

1969 Gold, K. Described the incorporation of radioactive
amino acids into the loricas of the ciliated
protozoans Tintinnopsis tubulosa and Favella
campanosa. Also speculated on the manner of
lorica deposition in these organisms.

1969 Kristiansen, J. Described the Tlorica structure in Chrysolykos
planktonicus. Found that the lorica was
composed of interwoven microfibrils with no
matrix between them.

1969 Peterfi, L. S. Described the fine structure of the lorica of
Poterioochromonas malhamensis. Found the
Torica is a microfibrillar meshwork.

1969  Wujek, D. E. Postulated a mechanism for lorica development
in Dinobryon sertularia.

1970 Gold, K., R. M. Described the loricas of 2 choanoflagellates,
Pfister and V. R. Acanthoecopsis sp. and Diaphanoeca grandis
Liguori with electron microscopy.

1970  Kramer, D. Described the fine structure and morphogenesis
of the lorica fibrils of Ochromonas
malhamensis.

1970  Throndsen, J. Described the lorica of Salpingoeca spinifera.

1972a Kristiansen, J. Examined the fine structure of the lorica in
6 Chrysophycean species and discussed the
arrangement of the cellulose microfibrils in
each.

1972b Kristiansen, J. Examined the fine structure of the lorica of
Bicoeca crystallina and described its
organization and development. Showed that 2
types of lorica organization exist in this
genus.

1973  Franke, W. W. and Described the fine structure of the lorica of

W. Herth

Dinobryon sertularia with special reference
to possible modes of lorica synthesis.




TABLE II (Continued)

Date Author Contribution

1973  Thomsen, H. A. Described the structure of the lorica of
several marine choanoflagellates.

1974  Leadbetter, B.S.C. Identified silica as a component of the

and I. Manton lorica of the collared flagellate
Stephanoeca diplocostata.
1975 Gold, K. and Analyzed the composition of the lorica of
E. A. Morales the ciliated protozoan Paravella gigantea
and concluded that it was composed of
pseudochitin.

1975 Leadbetter, B.S.C. Described the development of the lorica of
Savilla microspora and Stephanoeca diplo-
costata.

1975 Leedale, G. F. Reported the fine structure and development
of the lorica in the genus Trachelomonas.

1975 Rosowski, J. R., Described the surface configuration of the

R. L. Vadas and lorica of Trachelomonas by scanning electron
P. Kugrens microscopy.
1975  Schnepf, E., Discussed the formation of microfibrils in
G. Roderer and the lorica of Poterioochromonas stipitata.
W. Herth Suggested that microtubules play a role in
the microfibrillar orientation but not in
their synthesis or secretion.

1976 Porcella, R. A. Provided a fine-structural account of lorica
development in Dysmorphococcus globosus.

1976 Thomseﬁ, H. A. Described the fine structure of the lorica
of several silicified choanoflagellates.

1977 Herth, W., Studied the stalk fibrils of the lorica of

A. Kuppel and Poterioochromonas stipitata by electron

E. Schnepf microscopy and chemical analyses. Found the
fibrils had a composition similar to fungal
chitin.

1977 Thomsen, H. A. Described the fine structure of the lorica

of the choanoflagellate Acathoecopsis.




TABLE II (Continued)

Date Author Contribution

1977 West, L. K. Investigated the ultrastructure of Trache-
lomonas hispida var. coronata along with
the substructure, composition and bio-
mineralization of its cell envelope
(Torica).

1977 West, L. K. and Demonstrated the presence of manganese in

P. L. Walne the envelope (lorica) of Trachelomonas.
1978 Gerard, D. A. and Reported the presence of calcium and silicon
P. L. Walne and a lack of iron in the lorica of
Pteromonas protracta.

1978 Hibberd, D. J. Described the structure of the lorica of
Bicosoeca accreta with 1ight and electron
microscopy.

1979  Donnelly, L. S. Described the ultrastructure and elemental
composition of three species of
Trachelomonas.

1979 Gerard, D. A. and Documented the involvement of the Golgi

P. L. Walne apparatus in lorica production in
Pteromonas protracta.
1979 Good, B. H. and Reported the possible presence of a sporo-
R. L. Chapman pollenin in the lorica of Dysmorpkococcus.

1979 Herth, W. Documented the process of lorica formation
in Dinobryon divergens with light microscopy.

1979 Moss, M. 0. and Compared the levels of iron and manganese in

G. Gibbs the lorica of Trachelomonas from natural
collections using microprobe analysis.

1980 Gerard, D. A. Investigated the structure, development and
elemental composition of the lorica of
Pteromonas protracta.

1980 Herth, W. Studied the process of chitin microfibril

formation in the lorica of Poterioochromonas

stipitata using the stains Calcofluor white
and Congo red.
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TABLE II (Continued)

Date Author Contribution
1980 Porcella, R. A. Described the structure and development of
and P. L. Walne the lorica of Dysmorphococcus globosus.
1980 West, L. K. and Described the envelope (lorica) substructure
P. L. Walne of Trachelomonas hispida var. coronata.
1980 West, L. K., Reported the mode of mineralization and
P. L. Walne and elemental composition of the envelope
J. Bentley (Torica) of Trachelomonas hispida var.
coronata.
1981 Dunlap, J. R., Compared the elemental composition of the
P. A. Kivic and envelopes (loricas) of Trachelomonas and
P. L. Walne Strombomonas.
1981 Dunlap, J. R., Discussed the spatial segregation of
L. K. West, manganese and iron in the envelope of
P. L. Walne and Trachelomonas lefevrei.
J. Bentley
1981 Laval-Peuto, M. Described the construction of the lorica of
the tintinnid Favella ehrenbergii.
1981a Pocratsky, L. A. Investigated the chemical composition of the
and P. L. Walne lorica of Phacotus lenticularis.
1981b Pocratsky, L. A. Reported the nutritional and ultrastructural
and P. L. Walne characteristics of the lorica of Phacotus
lenticularis.
1981 Walne, P. L., Compared the ultrastructure and elemental

J. R. Dunlap and

P. A. Kivic

composition of the envelopes (loricas) of
Strombomonas and Trachelomonas.
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differences not only between the loricas of these two organisms but also
between other cellular structures such as the pyrenoid and stigma.

Dysmorphococcus has a mono-layered entire lorica which becomes mineral-

ized with ferric compounds, whereas Pteromonas has a bivalved, bi-layered
lorica with a hexagonal surface pattern. The lorica of Pteromonas does
not accumulate iron in large amounts, but does retain calcium and silicon
under certain culture conditions. These data suggest that the
Phacotaceae is not as homogeneous as was previously thought and may be
divisible into two or more subgroups based on lorica structure and
composition and on cellular organization.

The plasticity and pleomorphism of lorica shape in some members of
this family depends on environmental and nutritional factors. For

example, Wislouchiella planktonica and Pteromonas cruciata may intergrade

in nature, so that their loricas are difficult to distinguish from one

another (Lackey, 1942). Also, Wislouchiella commonly loses its

characteristic winged lorica in culture and assumes a smooth shape with
no projections, suggesting a possible nutrient-related phenomenon
(personal unpublished observations). Such plasticity dictates the need
for in-depth nutritional and developmental studies and a critical
taxonomic evaluation of the genera in this family.

Recent investigations indicate that mucilaginous substances are
released in copious amounts by some members of the Phacotaceae. Porcella
and Walne (1980) reported that extracellular mucilage coating the surface

of mature cells of Dysmorphococcus globosus was extruded through pores

in the lorica and was retained as part of the lorica. Preliminary

observations of the genus Phacotus with 1ight microscopy revealed that
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large amounts of mucilage were secreted into the culture medium
(personal unpublished observations).

In addition to extracellular secretions, mucilages also serve as
the main constituents of the continuous amorphous phase of cell walls
and may serve as a type of cementing material for the water-insoluble
elements of the wall (Preston, 1958). The cell walls of the algae contain
between 30% and 70% of such water-soluble material, which is extractable
from the tissues or cells by hot water, dilute acid and alkali
(Percival, 1970, 1979). The extract, upon hydrolysis, will yield any of
a number of simple sugars and acids, depending on the algal group
examined. In the Rhodophyceae, for example, there is a repeating
structural backbone of alternating a-1,3- and B8-1,4-1inked galactans,
while in the Chlorophyceae there is a complex mixture of various simple
sugars, with no obvious structural pattern (0'Colla, 1967; Percival,
1979).

Mucilages produced by the algae may aid the organism in several
ways. The mucilages may provide mechanical protection when present in
large amounts, function as ion reservoirs or exchangers (Percival, 1970;
Ramus, 1972), form gas and water barriers to prevent desiccation
(Percival, 1976) or function as an adhesive for attached forms
(Retallack and Butler, 1972; Callow and Evans, 1974).

The study of extracellular mucilages has also gained attention
because of the ecological impact such substances have on the planktonic
organisms of lakes and rivers. Since mucilages are water-soluble,
varying amounts can dissolve into surrounding waters and may affect

nearby organisms. It is probable that even very small amounts of
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released extracellular organics may be biologically active at low
concentrations and may thus exert considerable ecological effects
(Lewin, 1956; Nalewajko et al., 1980). These substances may affect the
ecosystem directly by functioning as growth-limiting or promoting
factors (Lefévre and Jakob, 1949; Fogg, 1971; Hellebust, 1974) or
indirectly by forming chemical complexes with other dissolved
substances (Pollard and Smith, 1951; Fogg, 1966; Whitton, 1970).

While the release of simple substances, such as amino acids,
organic acids and simple sugars, occurs primarily by diffusion across
the cell membrane (Hellebust, 1974), the excretion of larger molecules
such as polysaccharides takes place by a more complex process. A widely
accepted mode for their transport to the cell surface is by way of
reverse pinocytosis (exocytosis), whereby intracellular vesicles
subsequently fuse with the plasma membrane (Whaley et al., 1972).
Processing of most polysaccharide material within the cell takes place
in the Golgi apparatus (Northcote, 1971; Whaley et al., 1972;

Rothman, 1981). Recent studies with the rhodophycean unicells Rhodella

and Porphyridium have shown that the carbohydrate components of algal

mucilages are synthesized in the membrane system of the Golgi apparatus.
They are then assembled into polysaccharides in the Golgi cisternae and
are subsequently transported to tre cell surface in secretory vesicles
(Ramus, 1972; Evans et al., 1974). Pertinent literature on algal poly-
saccharides and mucilage production is summarized in Table III.

The following research was undertaken (1) to investigate the
structure and composition of the lorica and to determine the mode of its

synthesis, transport and deposition, (2) to determine the chemical
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TABLE III

A PARTIAL SUMMARY OF PERTINENT LITERATURE ON ALGAL
POLYSACCHARIDES AND MUCILAGE PRODUCTION

Date Author Contribution

1938 Miyaki, S., Described the water-soluble polysaccharides

K. Hayasi and of Ulva lactuca by biochemical methods.

Y. Takino Found the major constituents to be uronic
acid and rhamnose.

1939 Miyaki, S. and Described the water-soluble polysaccharides

K. Hayaki of Enteromorpha compressa by biochemical
methods. Found the major constituents to
be uronic acid and rhamnose.

1940 Norris, F. W. Analyzed the mucilage of Ulva lactuca and
detected polysaccharides containing
rhamnose.

1944 Kylin, H. Analyzed the mucilage of Cladophora
rupestris and found it was a galactan
suifate.

1946 Kylin, H. Investigated the cell wall constituents of
Ulva and Enteromorpha. Found that the
polysaccharides of both were sulfuric acid
esters containing a methyl pentose.

1952 Dzhelileva, P. D. Investigated the chemical components of
green algae from the Black Sea. Estimated
the seasonal variations of soluble poly-
saccharide content of Enteromorpha
intestinalis, Chaetomorpha aerea,
Cladophora utriculosa and Codium tomentosum.

1952 Hough, L., Isolated polysaccharides from the freshwater

J.N.K. Jones and algae Nitella, Oscillatoria and Nostoc.

W. H. Wadman Found that those from Nitella and Oscilla-
toria were composed of polyglucosans, while
the polysaccharide of Nostoc was a complex
acidic mucilage composed of six different
monosaccharides.

1954 Augier, J. and Extracted a mucilage from Codium dichotum

M.L.R. duMerac

which, after hydrolysis, yielded gaTactose,
mannose and arabinose.
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TABLE III (Continued)

Date

Author

Contribution

1954

1956

1958

1959

1962

1962

1962

1965

1965

Brading, J.W.E.,
M.M.T. Georg-Plant
and D. M. Hardy

Lewin, R. A.

Guillard, R.R.L.
and P. J. Wangerski

0'Donnell, J. J.
and E. Percival

Fogg, G. E.

Jones, R. F.

0'Colla, P. S.

Hirst, E. L.,
E. Percival and
J. K. Wold

Hoyt, J. W. and
G. Soli

Described the purification, hydrolysis and
methylation of the sulfated polysaccharides
from Ulva lactuca.

Studied the extracellular soluble and
capsular polysaccharides in 13 species of
Chlamydomonas. Found the soluble poly-
saccharide constituted as much as 25% of
the total organics produced, and the
capsular mucilage represented 40-60% of the
total organics. Found the predominant
sugar components were galactose and
arabinose.

Investigated the correlation between cell
numbers and extracellular carbohydrate
production in several marine flagellates.
Found polysaccharide production was most
abundant during stationary or declining
culture conditions.

Analyzed the structure of water-soluble
polysaccharides in Cladophora rupestris by
means of Barry degradation and methylation.

Wrote a comprehensive review of all types
of extracellular products in algae,
including carbohydrates.

Described the extracellular mucilage
of Porphyridium cruentum as an acidic
polysaccharide-protein complex.

Assembled existing information about
mucilage production in all types of algae.

Described the site of ester sulfate groups
and the manner of linkage between galactose
residues in Cladophora rupestris and
Chaetomorpha spp.

Demonstrated the ability of algal extra-
cellular polysaccharides to reduce
turbulence and friction in liquid culture.
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TABLE III (Continued)

Date Author Contribution

1965 Marker, A.F.H. Described extracellular carbohydrate
release in two flagellates, Isochrysis
galbana and Prymnesium parvum.

1969 Maksimova, I. V. Studied the relationship between

and M. N. Pimenova bacterial growth in algal cultures and the
content of extracellular organic cormpounds
in the medium. Found free sugars and
organic acids produced by the algae were
consumed by bacteria.

1972 Bourne, E. J., Studied the extracellular carbohydrate

E. Percival and production of Acetabularia crenulata.
B. Smestad

1972 Ramus, J. Characterized the encapsulating poly-
saccharides of Porphyridium aerugineum.
Showed that the rate of polysaccharide
production was greatest in stationary phase.

1972 Ramus, J. and Studied the accumulation of labelled sulfate

S. T. Groves by Porphyridium aerugineum and the subse-
quent appearance of solubilized capsular
polysaccharide in the growth medium.

1972 Retallack, B. Studied mucilage secretion in the zoospores

and R. D. Butler of Bulbochaete hiloensis. Found that the
zoospores secreted polysaccharides as an
aid in attaching to the substratum.

1973 Ramus, J. Reviewed current literature concerning
polysaccharide production in Porphyridium
aerugineum.

1974 Callow, M. E. and Characterized the process of glycoprotein

L. V. Evans adhesive formation in zoospores of
Enteromorpha by cytochemistry and auto-
radiography.

1974 Evans, L. V., Studied the synthesis and composition of

M. E. Callow,
E. Percival and
V. Fareed

extracellular mucilage in Rhodella using
1ight and electron microscopy, autoradi-
ography and various analytical means.
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TABLE III (Continued)

Date Author Contribution

1974 Hellebust, J. A. Reviewed available information on algal
extracellular products.

1974 Ramus, J. and Described the kinetics of sulfur incorpora-

S. T. Groves tion during in vivo sulfate esterification
of Porphyridium aerugineum capsular poly-
saccharides.

1975 Tutumi, T. and Carried out cytochemical studies on

K. Ueda Micrasterias americana to determine the
types of polysaccharides present in the
cell and their origin.

1976 Callow, M. E. Located sulfated polysaccharides within

and L. V. Evans secretory cells by X-ray microanalysis in
Laminaria saccharina.
1976 Lang, W. C. and Studied the release of glycoproteins during
M. J. Chrispeels the cell cycle of Chlamydomonas reinhardii.

1976 Lange, W. Speculated on the possible ecological
significance of the mucilaginous sheaths of
some blue-green algae.

1976 Menge, U. Examined several developmental stages of
Micrasterias denticulata with three
different types of polysaccharide chemistry.

1977 Heaney-Kiernas, J., Demonstrated a protein-carbohydrate linkage

L. Roden and involving serine and threonine in the
D. J. Chapman extracellular proteoglycan of
Porphyridium cruentum.

1977 Rosowski, J. R. Examined the muci]aginous surface of
flagellated, creeping and palmelloid cells
of several Euglena species with scanning
electron microscopy.

1977 Rosowski, J. R. Examined the mucilaginous stalk and

and R. I. Willey envelope of Colacium mucronatum with
scanning electron microscopy.

1977 Willey, R. I., Carried out cytochemical studies of the

K. Ward, W. Russ1n
and R. N]bel

extracellular carbohydrates of Colacium
mucronatum.
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TABLE III (Continued)

Date

Author

Contribution

1978

1978

1978

1979

1979

1980

1980

1980

1980

1981

1981a

Fulton, A. B.

Tautvydas, K. J.

Percival, E.

Lamport, D.T.A.

Percival, E.

Crayton, M. A.

Nalewajko, C.,
K. Lee and P. Fay

Percival, E.,
M. A. Rahman and
H. Weigel

Roberts, K.,
M. R. Gay and
G. J. Hills

Boney, A. D.

Pocratsky, L. A.
and P. L. Walne

Examined the extracellular matrix of
Pandorina morum with chemical analyses,
cytochemistry and TEM.

Isolated an extracellular hydroxyproline-
rich glycoprotein and a mannose-rich poly-
saccharide from the mucilage and colony
walls of Eudorina californica.

Reviewed the structure, function and bio-
synthesis of the polysaccharides found in
green, red and brown seaweeds.

Described the extracellular matrix of
Volvox carteri as a hydroxyproline-rich
glycoprotein.

Reviewed the structures of the sulfated
polysaccharides metabolized by marine
chlorophycean algae.

Presented evidence for the presence of a
sulfated polysaccharide component in the
matrix of Platydorina caudata.

Investigated the influence of light on
algal excretion and bacterial numbers both
in culture and in lakes.

Investigated the chemical composition of the
extracellular polysaccharide of
Coscinodiscus nobilis.

Found that the soluble extracellular glyco-
proteins of Chlamydomonas reinhardii contain
low levels of sugar-O-sulfate esters.

Discussed functional aspects of algal
mucilages.

Detailed the chemical composition of the
extracellular mucilage of Phacotus
lenticularis.
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TABLE III (Continued)

Date Author Contribution
1981b  Pocratsky, L. A. Described the chemistry and ultrastructure
and P. L. Walne of the extracellular mucilage of

Phacotus lenticularis with the aid of
several cytochemical stains.
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composition of the extracellular mucilage and to investigate its sub-
structure and mode of transport to the exterior of the cell, (3) to
examine the role of nutritional factors in the morphology of the cell
and lorica and (4) to compare the basic cellular organization of

Phacotus lenticularis with that of other phacotacean and volvocacean

organisms.



CHAPTER II

MATERIALS AND METHODS

1. CULTURE METHODS

Culture Conditions

Cultures of Phacotus lenticularis Ehr. (No. LB 61/1) were

obtained from The Culture Centre of Algae and Protozoa, Cambridge,
England. Stock cultures were maintained in 200-m1 milk bottles
containing a biphasic soil-water medium (Pringsheim, 1946; Starr,

1978) (Appendix A). Although cultures were maintained for long periods
(i.e., 6 mos.) in this medium, cell density was very low. In order to
attain rapid growth and high cell density, several defined media were
tested, and those selected for use were Volvox medium (Starr, 1969)

and Chu #10 (Chu, 1942). Best growth was established in a modified
Volvox medium (MVM) (Appendix A). Cells were cultured in 250-m1 flasks
containing 150 m1 of medium, in 2-liter flasks containing one liter of
medium or in 15-ml test tubes containing 8 ml of medium. A1l cultures
were maintained in a walk-in culture chamber under cool-white
fluorescent iilumination of ca. 10 w/m2 (photosynthetically active

radiation) at 18-20°C on a 12:12 LD cycle.

Axenic Cultures

For chemical analyses, axenic cultures were established by the
purification of the cultures with antibiotics. Techniques employed were

21
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essentially those of Droop (1967). Axenic cultures were maintained in
MVM and were checked periodically in standard bacteriological media for
contamination.

Axenic cultures were grown routinely in 250-m1 flasks and trans-
ferred under sterile conditions every 7-10 days. For larger cultures,
needed for growth studies and chemical analyses, 10-20 m1 of actively

growing cells (ca. 10° cells/ml) were transferred to 2-1iter flasks

containing one liter of medium.

Nutritional Studies

Preliminary studies with Phacotus lenticularis indicated that cell

and Torica morphology varied greatly with the type of medium used.
Nutritional studies were thus undertaken to investigate the effects of
media composition on cell and lorica morphology.

Initial observations were made on cells cultured in biphasic soil-
water, MVM and Chu #10 media. Combinations of defined media and soil-
water extract (SWE) were also used (Appendix A). Differences in cell
structure, lorica morphology and lorica color were noted. To
investigate the effects of mineral supplements on cells grown in soil-
water, various minerals were added as a soil-water overlay (Table
XVIII, Appendix A). Cells were cultured in these media and the effects
were noted at periodic intervals. Effects of different nitrogen sources
on cells grown in both soil-water and MVM were also investigated.
Nitrogen sources added to these media were Ca(NO3)p, NaNO3, NaNOz, KNO3,
(NHg)2S04, NHgNO3, (NHg)2HPO4, CO(NHp), and casein hydrolysate
(Table XIX, Appendix A).
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Manganese supplements in the forms of manganese chloride and
manganese acetate were added to various defined media and soil-water
mixtures to observe their effects on lorica structure and composition.
Manganous chloride, a component of MVM, was tested at normal, 2X, 5X
and 10X concentrations. Manganese acetate was added at concentrations
of 5, 10, 20, 40, 80, and 100 mg per 100 ml of medium.

To examine the effects on lorica composition of the absence of a
metal chelator in the medium, Nap EDTA was omitted from MVM medium.
Preliminary experiments indicated that iron in the absence of a chelator
was toxic to the cells. To overcome the effects of iron toxicity in such
a medium, the amount of iron specified in the trace elements stock was

reduced to one-quarter strength.
2. DESCRIPTIVE METHODS

Light Microscopy

For light-microscopic examinations, cells were observed in the
living condition or were fixed by the addition of 2% glutaraldehyde in
0.05 M sodium cacodylate buffer, pH 7.1. Cells were viewed with an
Olympus VANOX Universal Research Microscope, equipped with bright-field
and ob]ique-ii]umination systems and an Olympus PM-10-A 35-mm photographic
system. Photographic data were recorded on Kodak Panatomic X black and
white film (ASA 32) and Kodak Ektachrome tungsten color slide film

(ASA 50 or 160), using color balancing filters where necessary.
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Transmission Electron Microscopy (TEM)

Thin sections. Cells were concentrated by centrifugation at

1000 Xg in a clinical centrifuge, then washed with culture medium 3
times, and fixed for one hour with 2% glutaraldehyde in 0.05 M sodium
cacodylate buffer, pH 7.1 in the dark at 4°C. After several washes in
buffer, the cells were post-fixed for one hour in 2% 0sOq in 0.05 M
sodium cacodylate, pH 7.1, in the dark at 4°C. After fixation, cells
were dehydrated in a graded ethanol series, followed by successive
changes in propylene oxide, and were embedded in Spurr's low-viscosity
resin (1969). Ultrathin sections were cut using a Porter-Blum MT-1
ultramicrotome outfitted with glass knives. Sections were mounted on
uncoated 300- or 400-mesh copper grids and post-stained with either
saturated aqueous uranyl acetate for 30 minutes or 1% potassium
permanganate for 2 minutes (Bray and Wagenaar, 1978), followed by
Reynold's lead citrate for 5 minutes (1963) (Appendix B). Thin
sections were examined with Zeiss EM 9 S-2 and Hitachi H-600 trans-
mission electron microscopes, and data were recorded on DuPont CO0S-7

Graphic Arts Film.

Thick sections. Thick sections of embedded cells were examined

to determine the quality of the fixation and the position of the cells
in the block. Sections, 0.5-1.0 um thick, were cut with glass knives
on a Sorvall (Porter-Blum) MT-1 ultramicrotome. The sections were
flattened with xylene vapors, picked up with a glass loop and trans-
ferred to clean glass slides. Sections were subsequently stained with

either methylene blue or toluidine blue and examined by 1ight microscopy.
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Whole mounts. Cell-free lorica preparations (see analytical

electron microscopy section) were air dried on formvar-coated 300-mesh
copper grids. Whole mounts were examined by transmission electron

microscopy as previously described.

Ruthenium Red (RR) staining for acid mucopolysaccharides. Cells

were concentrated by gentle centrifugation and then suspended in 2%
glutaraldehyde in 0.05 M sodium cacodylate buffer, pH 7.1, plus 0.1% RR
and fixed for one hour at 4°C. After several buffer rinses, cells were
post-fixed in 2% 0sOg4 in 0.05 M sodium cacodylate buffer plus 0.1% RR
for one hour. After buffer rinses, the cells were processed for
electron microscopy by conventional methods. All fixation and dehydra-

tion steps were carried out in the dark at 4°C.

Alcian Blue (AB) staining for acid mucopolysaccharides. Cells

were concentrated by gertle centrifugation and suspended in 2%
glutaraldehyde in 0.05 M sodium cacodylate buffer, pH 7.1, with Alcian
Blue 8GX added to a concentration of 1%. Cells were fixed in this
solution for one hour at 4°C, washed in buffer and post-fixed with 2%
0s04 in 0.05 M sodium cacodylate buffer, pH 7.1, for one hour. Cells
were then dehydrated and embedded according to standard procedures. All

fixation and dehydration steps were carried out in the dark at 4°C.

Scanning Electron Microscopy (SEM)

Cells were collected by centrifugation and washed three times
with media. The final pellet of cells was resuspended in 1% 0s0Og in

0.05 M sodium cacodylate buffer, pH 7.1, for 5-15 minutes at 4°C. Cells
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were often covered by a heavy coating of mucilage that obscured cellular
detail. The mucilage was removed by treating the cells either before or
after fixation with the snail gut enzyme, glusulase, at a concentration
of 2% for one hour. A drop of fixed cells was transferred to a poly-D-
lysine-coated 12-mm round cover glass (Mazia et al., 1975). After one
minute, the cover glasses were submerged in 10% acetone in a petri dish.
A11 subsequent dehydration steps were done in this manner, with care
taken not to let the cover slip dry out. After a dehydration series in
acetone, the cover glasses were transferred to a 13-mm cover glass holder
(Bomar Co.), which was then placed in an acetone-filled chamber of a
Bomar critical point drying apparatus (Model No. SPC-900/EX). Cells
were critical point dried (CPD) at 31°C and 1072 psi, using liquid CO»
as a replacement liquid.

The cover glasses were mounted with double-stick tape on an
aluminum SEM stub and coated with ca. 30 nm of gold/palladium (60/40) in
a Denton Vacuum Evaporator (Model DV 515) at 6 X 10-3 torr. Specimens
were examined in either an ETEC Autoscan or AMR-900 scanning electron
microscope at an accelerating voltage of 20 kV. Photographic data were

recorded on Polaroid Type 55 or 105 P/N film.
3. ANALYTICAL METHODS

Analytical Electron Microscopy

Loricas harvested from the bottoms of culture vessels were used
for elemental analyses. Dark loricas were harvested from soil-water
cultures and colorless loricas were harvested from culture tubes

containing a mixture of Chu #10 defined medium and soil-water extract in
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a ratio of 1 to 9. This mixture was especially useful for this technique
since empty loricas accumulated in large amounts at the bottom of these
tubes and could be gathered with little contamination from other
cellular debris and soil.

A11 Toricas were collected with Pasteur pipettes, concentrated by
centrifugation and washed repeatedly with distilled water. The loricas
were then treated with EDTA, EGTA or left untreated. They were subse-
quently air-dried on spectroscopically pure SEM graphite stubs. At least
5 loricas were routinely analyzed for elemental composition by scanning
electron microscopy-energy dispersive spectroscopy (SEM-EDS) in an
AMR-900 scanning electron microscope equipped with an Ortec X-ray
detector, a model 6200 multichannel analyzer and a Hewlett Packard

X-Y recorder.

Demineralization. To study the metals bound to the lorica matrix,

isolated loricas were treated with several demineralizing agents. These
included 10 mM ethylenedinitrilotetraacetic acid (EDTA) and 1 mM
ethyleneglycol-bis-(B-aminoethyl ether)-N,N'-tetraacetic acid (EGTA).
Isolated dark loricas were mixed with 2 m1 of one of the above in a 13 X
100 mm test tube at room temperature. At five minute intervals, samples
were removed and observed with a light microscope and photographed as

described above.

Cytochemistry

Several cytochemical dyes were used in this study to determine
possible cellular and/or lorica components: 1) Alcian Blue, 2) Alcian

Yellow, 3) Mercuric Bromphenol Blue, 4) Methylene Blue, 5) Potassium
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Iodide, 6) Toluidine Blue, 7) Ruthenium Red, 8) Potassium Ferrocyanide
and 9) PAS. See Appendix C for a summary of the uses and methods of
preparation of these stains. Whole cells were fixed with glutaraldehyde,
washed with buffer and stained in a 13 X 100 mm test tube. Loricas were
isolated from culture vessels (see section on analytical microscopy for
details) and stained after adhesion to slides with poly-D-lysine
(Appendix C). Stained cells or loricas were photographed with Kodak

Ektachrome tungsten film (ASA 160).

Enzyme Treatments

Cells were treated with two enzymes, trypsin and protease, to
examine their effects on lorica structure. The digestion procedure is a
modification of that described by Oliveira et al. (1980).

Cells cultured in MVM or SW were concentrated by gentle
centrifugation and washed with 0.05 M tris-HC1 buffer, pH 7.6. The cells
were then incubated in one of the following: 1) 0.1 mg trypsin (Type
III, Sigma) per ml of 0.05 M tris-HC1 buffer, pH 7.6, for 45-60 minutes
at 37°C, 2) 0.1 mg protease per ml 0.05 M tris-HC1 buffer, pH 7.6, for
15-30 minutes at 37°C or 3) 0.05 M tris-HC1 buffer at 37°C for the
appropriate time (control treatment). After enzyme digestion, cells
were washed with tris buffer and then processed for electron microscopy
by conventional methods. Alcian Blue was added to the fixative to
enhance staining of acid mucopolysaccharides. Alternatively, some cells

were fixed prior to enzyme digestion and post-fixed after the digestion.
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Isolation of Extracellular Mucilage (ECM)

Extracellular mucilage was usually isolated by an ethanol pre-
cipitation technique. This procedure is a modification of that
described by Lewin (1956) and Evans et al. (1974).

Cells were harvested from the culture by centrifugation. The
supernatant was filtered first with Millipore RA filters (mean pore
size: 1.2 um) and then re-filtered with Millipore HA filters (mean
pore size: 0.45 um). Occasionally, the supernatant was then dialyzed
against distilled water for 24-48 hours; however, this step was usually
omitted. The cell-free supernatant was concentrated and added to 3
volumes of cold ethanol. The resulting precipitated ECM was recovered
by centrifugation, dried in a vacuum desiccator and stored over
Drierite. See Appendix D for complete isolation protocol.

Mucilage was also recovered by the cetylpyridinium chloride
(CPC) precipitation method (Scott, 1960; Ramus, 1972) (Appendix D).
This technique was not routinely used, however, since hydrolysates of
this material did not chromatograph as well as those of the ethanol

precipitates.

Hydrolysis Procedures

Several methods of hydrolysis were routinely employed in this
study. The choice of a particular method depended upon the hydrolysate
product desired. For sugar analyses, 3-10 mg of ECM or isolated
loricas were hydrolyzed in 1 N HySO4 for one hour at 100°C, in 2 N
trifluoroacetic acid (TFA) for one hour at 100°C or in 2 N TFA for one

hour at 121°C (in an autoclave). For amino acid analyses, 10 mg of ECM
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or loricas were hydrolyzed in a sealed tube with 6 N HC1 at 138°C for 6
hours. For sulfate analyses, 20 mg of ECM or isolated loricas were
hydrolyzed in 6 N HC1 for 3 hours at 100°C. The resulting hydrolysate
was deionized with Dowex 50 ion exchange resin before use. For complete

details of hydrolysis procedures, see Appendix E.

Thin-Layer Chromatography (TLC)

Neutral sugars. Neutral sugars in the extracellular mucilage and

lorica hydrolysates were separated and identified on layers of MN
cellulose (thickness: 0.1 mm). Plates were developed with one of the
following solvent systems: 1) System I--butanol:pyridine:water (6:4:3,
by volume), 2) System II--ethyl acetate:pyridine:water (125:25:20, by
volume, and 3) System III--isopropanol:water (80:20, by volume). See
Appendix F for information on individual solvent systems. Sugar
standards were run parallel to the hydrolysates to confirm the identities
of unknown sugars. After development, plates were removed from the tank
and air-dried in a hood. Sugars were detected with several spray
reagents: anthrone (Kodak Technical Bulletin JJ-3), aniline phosphate
(Kirchner, 1978) and p-anisidine hydrochloride (Kodak Technical

Bulletin JJ-35. For use and preparation of spray reagents, see

Appendix F,

Uronic acids. Hydrolysates of ECM were chromatographed on MN

cellulose for separation of uronic acids. A solvent system of ethyl
acetate:pyridine:water:acetic acid (5:5:3:1, by volume) (Solvent System

IV, Appendix F) was effective in separating uronic acids from neutral
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sugars. Uronic acids were visualized with either ethyl acetate-aniline-

trichloroacetic acid or basic lead acetate (Gee and McCready, 1957)

(Appendix F).

Amino acids. Two dimensioral thin-layer chromatography of HC1-
hydrolyzed material was used to separate and identify amino acids.
Hydrolysates were chromatographed on MN cellulose plates. Development
in the first dimension was with Solvent System V (chloroform:methanol:
acetone:butanone:NH40H--80:80:20:10:30) (Appendix F) and in the second
dimension with Solvent System VI (butanol:acetic acid:water--4:1:1)
(Appendix F). Amino acids were detected after development with

ninhydrin (Jones, 1962).

Gas-Liquid Chromatography (GLC)

Portions (0.5-1.0 m1) of dried, hydrolyzed ECM or loricas were
derivitized to their trimethylsilyl (TMS) ethers with a silylating
agent, TRI-SIL (Pierce Chemical Co.). See Appendix G for details of
procedure. The samples were examined with a Bendix gas liquid
chromatograph (Model GC-2600) equipped with a flame ionization detector.
The stainless steel column (6' X 1/4") was packed with 3% SE-52 on
40-100 mesh Chromosorb W-AW. A11 samples were run at an oven
temperature of 160°C, a detector temperature of 240°C and an inlet
temperature of 250°C. The gas flow rates of all runs were: hydrogen,

80-100 cc/min.; helium, 50 cc/min. and air, 800 cc/min.

Combined Thick-Layer Chromatography-Gas Liquid Chromatography (THC-GLC)

Thick-layer chromatography was employed to separate larger

amounts of hydrolysates into component sugars than could be separated on
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thin layer plates. Pre-coated 500 ym and 1000 pm MN cellulose or
Avicel plates were used for chromatography of ECM hydrolysates.
Solvent System I (Appendix F) was used to develop the plates, and one
lane was visualized with anisidine hydrochloride to note positions of
separated sugars. Sugar bands from the other unsprayed lanes were then
scraped from the plates and eluted from the adsorbant with methanol.
The methanol was evaporated from the samples; they were subsequently

derivitized and analyzed by gas liquid chromatography.

Colorimetric Analyses

Carbohydrates in the culture supernatant were assayed by either
the anthrone method (Yemm and Willis, 1954) or the phenol-sulfuric acid
method (Dubois et al., 1956) with galactose and/or arabinose as
standards. Proteins were assayed with the Bio-Rad Protein Assay (Bio-
Rad Laboratories), using BSA as a standard. Uronic acids were
determined by the method of Ahmed and Labavitch (1977) with galacturonic
acid as a standard. Hydroxyproline content was estimated by the method
of Leech (1960), using 6 N HC1 hydrolysates. Sulfate content was
determined by the method of Lloyd (1959) using deionized hydrolysates
and K,S04 as a standard. See Appendix H for a complete description of

all procedures.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Ten mg of isolated extracellular mucilage were suspended in 5 ml
of 0.01 M sodium phosphate buffer, pH 7.0, containing 1% sodium dodecyl
sulfate (SDS) and 1% B-mercaptoethanol. The mucilage was digested by

heating at 37°C for 2 hours or at 100°C for 2 minutes, followed by gentle
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centrifugation for 5 minutes. The supernatant was used as the sample for
electrophoresis.

SDS-polyacrylamide gels were prepared according to procedures
outlined by Weber and Osborn (1969), Davies (1972) and Lang and
Chrispeels (1976) (see Appendix I). Gels were cast into 13-cm glass
tubes with an inner diameter of 5 mm. The 7.5% gels were run without
stacking gels at 5-8 mA/gel for 2-5 hours. After electrophoresis,
protein bands were located by staining with 0.25% Coomassie Blue in 7.5%
acetic acid for at least one hour, followed by destaining with 7.5%
acetic acid. The presence of carbohydrates was confirmed by the PAS
procedure (Zacharius et al., 1969; Holden et al., 1971). Gels were
washed well with 7.5% acetic acid for 30 minutes followed by a distilled
water rinse. After oxidation of the gels for 50-60 minutes with 1%
periodic acid in 7.5% acetic acid, the gels were washed 6 times for 10
minutes each in distilled water. They were subsequently stained with
Schiff's reagent in the dark for 50 minutes and washed with 3 changes of
0.5% metabisulfite for 10 minutes each. The gels were then washed with
distilled water until all excess stain was removed. All gels were
stored in screw-cap test tubes in 7.5% acetic acid.

Densitbmeter scans of the gels were made in a Beckman DU
spectrophotometer with a Gilford gel scanner at 665 nm for Coomassie

Blue-stained proteins and at 550 nm for PAS-stained carbohydrates.

Amino Acid Analysis

Samples were prepared for amino acid analysis by hydrolysis in

6 N HC1 for 24 hours at 110°C in an evacuated, sealed hydrolysis tube.
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Automated analysis was performed on a Beckman 116 Amino Acid Analyzer

with a single column system.

Ultrastructural Cytochemistry

Two ultrastructural cytochemical staining procedures, periodic
acid-silver hexamine (PASH) (Pickett-Heaps, 1967; Rambourg, 1967;
Triemer, 1980) and periodic acid-thiocarbohydrazide-silver proteinate
(PA-TCH-SP) (Thiery, 1967) were used to localize carbohydrates in the

cytoplasm, in the lorica and in the extracellular mucilage.

Periodic Acid-Silver Methenamine (PASH). Light gold-to-silver

thin sections (90-120 nm) of glutaraldehyde-0sOg4-fixed cells were
floated onto 1% aqueous periodic acid in a staining dish by means of
small plastic rings (Pickett-Heaps, 1967) and were oxidized for 30
minutes at room temperature. A1l subsequent transfers were done with
the plastic rings. Sections were rinsed three times with distilled
water and transferred to the staining solution, which consisted of 3%
methenamine, 15 ml; 2% sodium borate, 25 ml; 1% silver nitrate, 5 ml;
distilled water, 5 ml. Staining was accomplished at 60°C in the dark
for 45-60 minutes or until the sections turned light brown. At that
time, they were removed from the staining solution and washed with
distilled water. Sections were then treated with 5% sodium thiosulfate
for 1-2 hours to remove unreduced silver ions, followed by a distilled
water wash. For controls periodic acid was omitted (Triemer, 1980) or
dimedone, sodium bisulfite or iodoacetate blocking of aldehyde groups
was employed (Pickett-Heaps, 1967). Following treatment, the sections

were floated away from the plastic rings, mounted on 400-mesh
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copper grids and examined by transmission electron microscopy without

uranium or lead post-stains.

Periodic Acid-Thiocarbohydrazide-Silver Proteinate (PA-TCH-SP).

Light gold-to-silver thin sections (90-120 nm) of glutaraldehyde-0s0g-
fixed cells were floated onto 1% periodic acid for 30 minutes (see

PASH section for technique) followed by a distilled water wash.

Sections were transferred to a solution of 0.2% thiocarbohydrazide in
20% acetic acid for 1, 2 or 24 hours. Sections were washed with 10%

and then 5% acetic acid over a period of 30 minutes and then finally
washed three times with distilled water. They were subsequently floated
on aqueous 1% silver proteinate for 30-40 minutes in the dark, followed
by a final rinse in distilled water. For controls, periodic acid, TCH
or silver proteinate was omitted from the procedure (Courtoy and Simar,

1974). Sections were mounted and examined as for the PASH technique.



CHAPTER III

RESULTS

1. EFFECTS OF CULTURE CONDITIONS ON GROWTH AND CELLULAR
AND LORICA MORPHOLOGY

General Cellular Morphology

The cell of Phacotus lenticularis is ovoid to spherical in shape,

ca, 10 ym long and 8 um wide, with two isokont flagella that are often
twice as long as the protoplast itself (Plate I, Figures 1 and 2).
With 1ight microscopy, a centrally located nucleus and a single cup-
shaped chloroplast with one to six pyrenoids, many starch grains and a
latero-anterior stigma are visible.

Cells of P. lenticularis are surrounded by a non-living, bivalved

wall-1ike structure called a lorica, which is ovoid to spherical in
shape and may be laterally compressed. The lorica is usually separated
from the protoplast but the distance between the two is highly variable.
Loricas may be colorless or brown and are highly variable with respect
to size, shape and color (Plate II, Figures 3-6). Because of the shape
of the 1orica; cells usually exhibit a twisting or spiral swimming

movement.

Cells Cultured in Soil-Water Medium

Loricas from cells cultured in soil-water medium have a variety
of forms (Plate III, Figures 7-11). Cells grown in soil-water medium do
not attain as high a density in culture as do cells grown in some

36
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Plate I. General Cellular Morphology of Phacotus lenticularis.

Figure 1. Typical cell isolated from soil-water culture.
Blue color of lorica is due to methylene blue stain. LM. Bright-
field illumination. X 2100.

Figure 2. Diagrammatic drawing of the cell of Phacotus
lenticularis. f, flagellum; n, nucleus; lor, lorica; sg, starch
grain; py, pyrenoid; s, stigma; ¢, chloroplast.
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Plate II. Variability of Lorica Morphology.

Figure 3. Colorless loricas which are considerably larger than
the protoplast. Loricas are laterally compressed and have a prominent
rim where the valves join. LM. Bright-field illumination. X 2100.

Figure 4. Dark loricas isolated from soil-water medium. LM.
Bright-field illumination. X 800.

Figure 5. Cell with an ornamented brown lorica. Lorica is
closely appressed to the cell. LM. Bright-field illumination.
X 2100.

Figure 6. Empty, colorless loricas which have no obvious
surface ornamentation. LM. Bright-field illumination. X 800.
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Plate III. Morphology of Loricas from Soil-Water Cultures.

Figure 7. A thin, colorless lorica with scattered blunt
protrusions on the surface. Starch grains visible in the underlying
cell, LM. Oblique illumination. X 2800.

Figure 8. Fragmented, dark lorica with even distribution of
blunt surface projections. LM. Oblique illumination. X 2800.

Figure 9. Dark loricas with many large globular surface
projections. LM. Oblique illumination. X 2800.

Figure 10. Surface detail of dark lorica, showing blunt
projections., LM. Oblique illumination. X 2800.

Figure 11. Comparison of dark lorica (left) and thin,
colorless lorica (right). Dark lorica is highly ornamented and
obscures all underlying cellular detail; intracellular starch grains
visible through the colorless lorica. LM. O0blique illumination.

X 2800.
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defined media and tend to accumulate large amounts of starch. These
cells may be maintained in a stationary phase for up to one year and for
longer periods if the distilled water overlay is replenished.

Loricas of cells cultured in soil-water medium are highly
variable. Young cultures beaf loricas which are usually colorless and
closely appressed to the protoplast. These loricas are thin and
pliable; cellular detail is obvious. Young loricas are sparsely
ornamented with blunt surface projections which are scattered across the
surface (Plate III, Figures 7 and 11). The color of the loricas changes
to a dark brown, after several months in culture. Color change is rapid,
as there are few or no intermediate color types (such as golden or light
brown) present in the cultures. Dark loricas are brittle and have more
ornamentation than colorless loricas (Plate III, Figures 8-10). These
loricas are generally more remote from the protoplast than those found

on younger cells, but this is not always so.

Cells Cultured in Defined Medium

In an attempt to find a suitable medium which would later
facilitate analytical investigations, several defined media were tested.
0f all media selected for trial, two gave consistently good growth:

Chu #10 and a modified Volvox medium (MVM). MVM was chosen for all
subsequent work since lag phase was shorter in MVM than in Chu #10
(Figure 12).

Cells grown in MVM have a different morphology from those grown

in soil-water medium (Plate IV, Figure 13). MVM cells never accumulate

starch and they become non-motile as they age. After 3-4 weeks, the
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Figure 12. Growth curves of Phacotus lenticularis in defined
and soil-water media. Cell numbers are greatest in defined media.
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Plate IV. Appearance of Cells Grown in Defined Medium.

Figure 13. Cell grown in MVM medium. No lorica is obvious at
the light-microscopic level. LM. Bright-field illumination. X 2100.

Figure 14. Thin, colorless loricas (arrows) found at the bottom
of MVM culture flasks. LM. Bright-field illumination. X 800.
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number of cells begins to decline and the remaining cells are large and
highly vacuolate. No lorica is obvious at the light microscope level,
although thin, colorless loricas are occasionally found at the bottom

of culture vessels (Plate IV, Figure 14).

Cells Cultured in Defined Medium/Soil-Water

In an attempt to increase growth in soil-water cultures, the
distilled water overlay was replaced with MVM. The resulting cells were
identical to those grown in MVM alone; no cells resembling those
typically found in soil-water cultures were seen.

Combinations of various defined media and soil-water extract
(SWE) were examined for their effects on cell growth and morphology.
Data compiled from these experiments are shown in Table IV and indicate
that certain media effect mass shedding of loricas; these media were
later used when large amounts of loricas were needed for chemical

analyses.

Cells Cultured in Mineral-Supplemented Soil-Water

Mineral supplements were added to soil-water medium to test the
effects of particular nutrient additions on cell growth, starch
accumulation and lorica morphology. In preliminary experiments, mineral
supplements were in the form of individual nutrient stocks used in MVM
medium. It was hoped that by using single MVM components some clue
could be found as to why cells behaved differently in soil-water and
MVM media.

Results of these experiments are shown in Table V. A1l mineral

supplements produced cells resembling those grown in soil-water alone
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TABLE IV

EFFECT OF COMBINATIONS OF SOIL-WATER EXTRACT/DEFINED
MEDIUM ON LORICA MORPHOLOGY

Medium Lorica Morphology
MVM/SWE
9:1 Colorless, well-defined loricas; many empty loricas on

bottom of test tube.

1:1 Thin, colorless loricas.

1:9 Thin, colorless loricas.
Chu/SWE

9:1 Some well-defined loricas visible; most thin and colorless.

1:1 Colorless, well-defined loricas; many empty loricas on

bottom of test tubes.
1:9 Colorless, well-defined loricas; many empty loricas on
bottom of test tubes.
TABLE V
CHARACTERISTICS OF MINERAL-SUPPLEMENTED SOIL-WATER CULTURES
Starch Loricas

Mineral Supplement Growth! Accumulation Visible
None +
Complete MVM ++++ - -
Ca (N03)2 ++++ - -
MgSo + + +
Sodium Glycero-

phosphate + + +
KC1 + + +
Vitamins + + +
Trace Elements + + +

1See Appendix J for growth criteria.
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except those cultures containing a Ca(NO3)» supplement. These cells
were identical to those grown in MVM, with rapid growth and no visible
lorica or starch accumulation.

Cells grown in mineral-supplemented medium which resembled the
cells cultured in soil-water were also examined for lorica color. These
data are summarized in Table VI. Various supplements effect a range of
dark:1ight ratios. Only dark loricas are found in cultures with no
supplement, whereas in cultures supplemented with complete MVM, all
cells have colorless loricas.

Cells cultured in soil-water were further tested with specific
nutrient supplements which gave promising results in preliminary experi-
ments. The addition of individual nitrogen and calcium supplements was
indicated by the fact that the addition of Ca(NO3), to soil-water caused
a radical change in cell morphology. The results of these experiments
are presented in Table VII. These data indicate that it is the nitrogen,
not calcium, which causes the cells to grow differently from those in

soil-water.

Cells Cultured in Nitrogen-Supplemented Medium

Since preliminary experiments indicated that the appearance of
the lorica was influenced by the presence of nitrogen, various nitrogen
sources were tested as supplements to both soil-water and defined media.
These cultures were monitored in 2-, 3- and 4-week intervals for growth,
starch accumulation and lorica appearance.

Data from MVM/N-supplemented cultures are presented in Table

VIII. Cells cultured in soil-water medium inoculated into these media
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TABLE VI

RELATIVE ABUNDANCE OF LIGHT AND DARK LORICAS IN
MINERAL-SUPPLEMENTED SOIL-WATER CULTURES

% Dark % Light Ratio, Dk:Lt

Mineral Supplement Loricas Loricas Loricas
None 100 0 all dark
MVM Vitamins 12 88 1:7
MM Trace 44 56 1:1
KC1 27 73 1:3
Sodium Glycero-

phosphate 20 80 1:4
MgSOo 13 87 1:7
Ca(N83)2 0 100 all light

TABLE VII

CHARACTERISTICS OF NITROGEN- AND CALCIUM-SUPPLEMENTED
SOIL-WATER CULTURES

Starch Loricas
Mineral Supplement Growth! Accumulation Visible
No?e ) + + +
Ca(NO ++++ - -
CaC123 2 + + +
NaNO3 ++++ - -

1See Appendix J for growth criteria.



TABLE VIII
CHARACTERISTICS OF NITROGEN-SUPPLEMENTED MVM CULTURES

Starch Accumulation Growth! Lorica Morpho]ogy2
Supplement 2 Wk 3 Wk 4 Wk 2 Wk 3 Wk 4 Wk 2 Wk 3 Wk 4 Wk
N - - - £+ 0 0 T.C T, TC
Ca(N03)2 - - - R bR .. T.0 T.C
NaNO3 - - - HHHt ot b . T.C T.C
KNO3 - - - A HHE .. T, T.C
NaNO, - - - S S S S I.Cc T.C T,C
(NHg) 550,
NHy4NO3 - - - +++  ++ ++ T,C T,C T,C
(NHg ) 2HPO,4 - - - A .. T, T.C
CONH; - - - 4 + ., T,0 D,C
Casein
Hydrolysate - - - 0 0 0 - - -
Isee Appendix J for growth criteria.
2T,C = Thin, Colorless.

D,C

Well-defined, Colorless.

LS
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retained visible loricas only in the urea-supplemented cultures. None
accumulated starch during the course of the four-week period. Growth
varied in the different nitrogen sources, with little or no growth in
NaNO, and casein hydrolysate. The most luxuriant growth was achieved in
Ca(NO3)2, NaNO3 and KNO3.

Results from SW/N-supplemented cultures are presented in Table IX.
At the end of four weeks, loricas were visible in control cultures as
well as in (NHg)2S04 and urea-supplemented cultures. A few cells with
fragmentary loricas were recorded from the four-week-old Ca(NO3)2 and

NaNO3-supplemented cultures. Starch was seen only in control cells.

Effect of Bacteria on Growth of Cultures

The growth rate of axenic cultures of Phacotus lenticularis is

much different from that seen in bacterially contaminated cultures
(Figure 15). In addition to greater cell numbers, lag phase is greatly
reduced in cultures with bacteria. Doubling time in cultures with
bacteria is approximately 24 hours, compared with 84 hours in axenic
culture cultures. Removal of bacteria from the cultures slows the

growth rate and reduces cell numbers.
2. DESCRIPTIVE RESULTS

General Cellular Organization

Transmission electron microscopy (TEM) also shows the typically

chlamydomonad internal organization of Phacotus lenticularis (Plate V,

Figure 16). A cup-shaped chloroplast, which occupies the peripheral

portion of the cell, contains several pyrenoids, each surrounded by two



TABLE IX
CHARACTERISTICS OF NITROGEN-SUPPLEMENTED SW CULTURES

Starch Accumulation Growth! Lorica Mor‘pho]ogy2

Supplement 2 Wk 3 Wk 4 Wk 2 Wk 3 Wk 4 Wk 2 Wk 3 Wk 4 Wk
-N - + + + + ++ T,C D,C D,B
Ca(NO3) » - - - +H+ A T,C T,C D,C
NaNO3 - - - +++ T,C T,C D,C
KNO3 - - - O T.C T.C T.C
NaN0, - - - 0 0 0 - - -
(NHq) 2S04 - - - +H+ 4 T,C D,C D,B
NH4NO4 - - - +H+H+ HHHE T,C T,C T,C
(NHg ) pHPO4 - - - + + + D,C D,C D,C
CONHo - - - +++ T,C D,C D,C
Casein

Hydrolysate - - - 0 0 0 - - -

Isee Appendix J for growth criteria.

2T,C = Thin, Colorless.
D,C = Well-defined, Colorless.
D,B = Well-defined, Brown.

€S
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+Bacteria

Cell Number (cells/ml)

-+

10 20
Culture Age (days)

Figure 15. Growth curves of Phacotus lenticularis in the
presence and absence of bacteria in the culture medium. The medium

used in this study was MVM.
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Plate V. General Ultrastructure of the Cell.

Figure 16.
cell shows typical
section. X 19,000.

Oblique section through posterior end of vegetative
organelles and barely visible lorica. TEM thin
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large starch plates. The nucleus is located in a central to slightly
anterior position, while mitochondria, dictyosomes and endoplasmic
reticulum profiles are seen scattered in the cytoplasm. The cell is

surrounded by a non-living covering, the lorica.

Cellular Fine Structure

Nucleus and endoplasmic reticulum. The nucleus is variable in

shape, from round to elongate and lobed. The interphase nucleus contains
a prominent, darkly staining nucleolus (Plate VI, Figure 17) and is
bounded by a nuclear membrane which is perforated by many nuclear pores
and studded with ribosomes on the cytoplasmic surface of the outer
membrane (Plate VI, Figure 19).

Chromatin condenses during cell djvision into discrete, darkly
staining chromosomes (Plate VI, Figures 18 and 20). The nuclear
membrane presumably persists throughout mitosis.

The nuclear membrane is often continuous at one or more places
with a profile of endoplasmic reticulum (ER). ER is also frequently
found in association with the forming face of dictyosomes or in close
proximity to the plasma membrane (Plate VII, Figures 21 and 22). The
association of the nuclear membrane, ER and Golgi apparatus is commonly

seen in the Volvocales and is termed an amplexus (Lang, 1965).

Dictyosomes. Dictyosome profiles are common throughout the cell
but are often seen near the nucleus and in conjunction with secretory
activity (Plate VII, Figure 23). Dictyosomes consist of eight to twenty
cisternae, which are often curved toward the maturing face and are

sometimes swollen and associated with small secretory vesicles.



58

Plate VI. Nucleus.

Figure 17. Typical interphase nucleus with darkly stained
nucleolus. Note associated ER and dictyosomes. TEM thin section.
X 25,800.

Figure 18. Prophase nucleus with areas of condensed chromatin.
TEM thin section. X 25,800.

Figure 19. Section through portion of nuclear membrane showing
two nuclear pores. TEM thin section. X 73,500.

Figure 20. Metaphase nucleus with seven chromosomes visible in
the center of the nucleus and intact nuclear membrane. TEM thin section.
X 28,700.
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Plate VII. Endoplasmic Reticulum and Dictyosomes.

Figure 21. Profile of rough ER continuous with the nuclear
membrane. TEM thin section. X 25,000.

Figure 22. Dictyosome with swollen cisternal margins and nearby
profile of transitional ER. Vesicles are obvious between the ER and
forming face of the dictyosome and also near the cisternal margins at
the maturing face. TEM thin section. X 32,000.

Figure 23. Dictyosomes with associated vesicles and RER. TEM
thin section. X 61,000.
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Mitochondria. The mitochondria are tremendously varied in shape

and appearance. They range from long and narrow (Plate VIII, Figure 24)
to highly branched (Plate VIII, Figure 25). Cristae are numerous and
highly visible in most sections in both face view and longitudinal
section. Mitochondria are often found near the periphery of the cell or
in close association with the chloroplast (Plate VIII, Figure 25).
Several small, round-to-oblong mitochondria are located at the base of
the flagella (Plate VIII, Figure 26), presumably functioning as an

energy source during flagellar beating and cellular locomotion.

Chloroplast, pyrenoids and starch grains. The chloroplast

contains numerous thylakoids, which occur in stacks of 2-10 membranes
(P1ate IX, Figure 27). Chloroplast microtubules, frequently seen in the
stromal spaces between thylakoids, are present singly or in groups
(Plate IX, Figures 27 and 29). Osmophilic granules are also evident in
many chloroplast sections (Plate IX, Figures 27, 29 and 31).

Pyrenoids are intrachloroplastidic and as many as eight
pyrenoids are visible in some cells. Two starch plates surround the
pyrenoid matrix, which is traversed by a single thylakoid membrane
(Plate IX, Figures 28 and 31). Starch grains (Plate IX, Figure 30)
become more numerous after nutrient depletion or as the cells age. In
some cells, starch accumulates to such an extent that it obscures all

other cellular detail (Plate IX, Figure 32).

Chloroplast lamellar lattice -- In the chloroplasts of many cells

there is a "quasi-crystalline lamellar lattice" (McLean and Pessoney,

1970) which consists of regular, folded arrays of chloroplast lamellae
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Plate VIII. Mitochondria.

Figure 24. Longitudinal section of long, slender unbranched
mitochondrion situated among many cytoplasmic vesicles. Many cristae are
visible; most do not extend past the middle of the organelle. TEM thin
section. X 30,000.

Figure 25. Large, highly branched mitochondrion near the surface
of the cell and between the lobes of the chloroplast. Cristae are seen
in lateral and face views. TEM thin section. X 32,300.

Figure 26. Section through anterior portion of cell shows two
flagella and associated microtubules. Several round to oblong
mitochondria are located below the flagellar apparatus. TEM thin
section. X 25,800.
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Plate IX. Chloroplast, Pyrenoids and Starch Grains.

Figure 27. Portion of chloroplast with pyrenoid at left and
several chloroplast microtubules (arrows) in chloroplast stroma. The
number of stacked thylakoids is highly variable. TEM thin section.

X 30,100.

Figure 28. Cell with a chloroplast and two pyrenoids evident.
The two starch plates characteristic of the pyrenoid of this organism
are visible (arrows). LM. Oblique illumination. X 2,800.

Figure 29. Four chloroplast microtubules (arrow) in the
chloroplast stroma; 1ipid droplets are obvious both above and below
the microtubules. TEM thin section. X 23,700.

Figure 30. Chloroplast with starch grains between thylakoids,
which are commonly associated in groups of three. TEM thin section.
X 28,700.

Figure 31. Transverse section of large pyrenoid with paired
starch plates and chloroplast lamella which traverses the pyrenoid matrix.
TEM thin section. X 20,900.

Figure 32. Aged cell with accumulation of many starch grains
within the chloroplast. LM. Oblique illumination. X 2,900.
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(Plate X, Figures 33-36). The lattice structures may often occupy most
of the chloroplast volume and are surrounded by typical stacked
thylakoids that are continuous with them (Plate X, Figures 33-35). A
lattice is formed when the chloroplast thylakoids coil and slide between
one another. In order to accommodate this disturbance in the stacked
architecture of typical thylakoids, a three-dimensional lattice is
formed to permit an orderly arrangement of the membranes. Thylakoids
which are destined for a lattice arrangement often have distended
intrathylakoidal spaces that become the electron-lucent matrix of the
lattice after its formation (Plate X, Figures 34 and 35). Stromal
material, similar to that seen between non-lattice thylakoids, is
evident in the lattice, presumably trapped during the coiling of the
lattice membranes (Plate X, Figures 34 and 35). The lamellar lattice
is seen in cells of all ages, from those which have just divided to

those which are in stationary phase culture.

Stigma --The stigma is also intrachloroplastidic and readily
apparent even at the light microscopic level (Plate XI, Figure 37). It
is composed of several rows of closely packed osmophilic granules.
Transverse sections through the stigma reveal as many as four rows of
stigma granules (Plate XI, Figures 38-42), with each row separated from
the next by a single thylakoid membrane (Plate XI, Figures 39 and 40).
The stigma is often seen as a bulge on the surface of the cell and is
closely appressed to the chloroplast membrane. Oblique sections
through the stigma region reveal that the stigma is very large and

associated with arrays of microtubules (Plate XI, Figures 38 and 42).
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Plate X. Chloroplast Lamellar Lattice.

Figure 33. Oblique section through a lamellar lattice and
surrounding chloroplast thylakoids. Note the regular arrays of curved
tubules which originate from swollen chloroplast thylakoids (arrow).
TEM thin section. X 25,800.

Figure 34. Section through a lamellar lattice and adjacent
thylakoids. Many distended thylakoids are seen in the area surrounding
the lattice, while stromal material is enclosed by the lattice membranes.
TEM thin section. X 30,600.

Figure 35. Large lattice occupies a major portion of the
chloroplast. Several lattice units can be seen in transverse section
(arrows). Many lipid droplets are present in both the lattice region
and among the thylakoids. TEM thin section. X 28,700.

Figure 36. Lamellar lattice in a young cell. Note distended
intrathylakoidal spaces and the cciling of the membranes. Initial
organization of the lattice membranes is evident immediately below the
stigma (arrow). TEM thin section. X 28,700.






70

Plate XI. Stigma.

Figure 37. Cell in which the stigma is clearly discerned
(arrow). Note the individual granules which make up the structure.
Also evident are six pyrenoids and several starch grains. LM.
Oblique illumination. X 2,500.

Figure 38. O0Oblique section through a large stigma. Thylakoids
are almost all arranged in triplets in this portion of the chloroplast.
TEM thin section. X 38,700.

Figure 39. Transverse section through a stigma with four layers
of stigma granules. TEM thin section. X 30,100.

Figure 40. Transverse section through a portion of the stigma
where only two layers of stigma granules are evident. A bulge in the
cell membrane is a result of the convex nature of the underlying stigma.
TEM thin section. X 82,700.

Figure 41. Glancing section through the stigma region shows
close packing of granules resulting in a polygonal configuration of
granules. TEM thin section. X 37,300.

Figure 42. Glancing section through the stigma region of the
chloroplast shows microtubules in close proximity to the stigma
(arrows). TEM thin section. X 30,100.
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Glancing sections through the stigma show the tight packing of the

stigma granules, resulting in a polygonal shape (Plate XI, Figure 41).

Flagellar apparatus and cytoplasmic microtubules. The isokont

flagella are located at the anterior end of the cell and measure
approximately 2 um by 17 um. In cross section, a typical 9 + 2
axoneme is evident (Plate XII, Figure 43). The flagellar membrane
extends into long hair-like structures which are ca. 0.17 um wide and
may be up to 5um long (Plate XII, Figures 43 and 46). The surface of
each flagellum is covered with a finely fibrillar mucilaginous
material, which reacts positively with both Alcian Blue and PA-TCH-SP
staining procedure (Plate XII, Figures 44, 45, 47 and 48), results
indicating that it is polysaccharide and probably contains some
negatively charged moieties.

The flagella exit through the lorica via separate flagellar pores
(Plate XIII, Figures 49-51) each surrounded by a thickened collar
region (Plate XIII, Figure 53). The flagella are inserted obliquely into
the cytoplasm with respect to the long axis of the cell and at a 25-30°
angle with respect to one another (Plate XIII, Figure 52).

The basal bodies usually lie in a V-configuration with respect
to one another and in this area many microtubules are evident (Plate
XIV, Figures 54 and 55). Basal bodies are connected to one another at
their distal ends by a striated fiber, which appears in thin section as
a dense region crossed with dark bands (Plate XIV, Figure 55). Four
microtubular roots are seen in fortuitous sections, radiating from the

basal body region, beneath the distal striated fiber (Plate XIV,



73
Plate XII. Flagellar Structure.

Figure 43. Transverse section through a flagellum with a typical
9 + 2 axoneme. Note the flagellar hair which is an extension of the
flagellar membrane (arrow) and the covering of fine mucilage fibrils
around the entire flagellum. TEM thin section. X 114,100.

Figure 44. Longitudinal section of flagellum emerging from the
lorica shows heavy Alcian Blue precipitate on the surface of the
flagellum. The transition region an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>