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ABSTRACT.

Protosiphon botryoides {Kutz.) Klebs is a4 unicellular, green, coenocytic,
sofl alga. The ultrastructure of the vegetative and asexual life history
stages of Protosiphon botcyoides ave described, namely the adult sac,
zoosporogenas is and zoospores, and two types of resting cell - hypnospores
and coenocysts. Although comparative data on resting cell ultrastructure
is limited, Protosiphon's coenccysts appear similar to those of other

chlorophyll a- and b-containing algas. They do however, poss

% concen
tric layers of lipocarotencids, whici are uot present in the hypnospores,
and hive not been found iu any other resting cell. Attempts to nbserve

mitosis and sexual reproductive ultrastructure were unsuccessful.

The ultrastructore of Protosiphon was studied in order to solve the dis~
puted ordinal affinity of this alga, which i{s referred either to the
Chlorococcales  (Chlorophyceae) or to the Siphonales  (Ulvophycese).
Chlorophycean attributes include : biflagellate zoospores that exhiblt
clockwise basal body rotation with a 2-4-2-4 microtubular root system;
zoosporogenesis involving cleavage furrows that are guided by s
phycoplast, and details of vegetative adult cell cytology. As a
Chlorophycean alga, Protosiphon can  therefore be included o the
Chlorowoccales, although desnite widespread rejection of the systematic

schemes of Letl and Komarek, this stndy suggests that the Protosiphonales

Erie and Foma el (Chiorcphycese) is 4 wore natural classification.

&




{. INTRODUCTION.

1.1 AN INTRODUCTION TO PROTOSIPHON BOTRYOIDES.

The original description of Prorosiphon was made by Klebs (1896) and is

freely translated (Thomas 1968) as follows
Initially the cells are spherical, later tubular, botryoidal at ma-
turity, consisting of a4 green, spherical part ab.ve the ground and a
leng, usually unbranched, colourless rhizoid; maximum length, 1.2 -
1.4 om, Mature cells have a parietal, reticulate, chloroplast,
starch-producing pyrenoids and stroma starch, numerous small nuclei

distributed through the protoplasm, and a large central vacwole.

Each cell is capable of division : small spherical cells by successive
bipartition and tubular sacs by separation of branches from the parent
thalli. Under adverse conditions such as desiccation, strong sun-
light, or strong hygroscopic salt solutions, the protoplast produces

many dormant spores which turn red and endure drying.

Each vegetative cell and spore is capable of producing swarm cells
when transferred to water, or when removed from light, if it has been
previously grown in nutrient solution. The swarm cells ars small,
light-sensitive, have two flagella, an eyespot, and contractile
vacuoles; copulate in water, in light at temperature: from 1 - 24°C,
producing stellate aygotsas. In a nutritive solution in the dark or
generally at 4 temperature from 25 - 27°C, the swarm cells become
quiescent without copulation and form smootn cells which are imme-

diately capable of growth.
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Figure 1. The life cycle of Protosiphon botryoides. A - vegetative siphon;

8 - coenocysts within pirental siphon wall; C - zoospore; D - settled

zoospore; E - young siphon; F - gametes; G - zygote, 1 - submersion in
tiquid; 2 - environmental stress, particularly desiccation and nutrient

deficiency, 3 - vegotative reproduction via budding.
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The alga lives in moist soil, frequently associated with Botrydium,

it flourishes as well in nutrient solution.

The lifs cycle (Text figure 1) as elucidated by Klebs (1896}, was con-
firmed and expanded by Bold {193.), Nayal (1933), Maher (1746, 1947a,
1947b), and Thomas (1968). Mature coenocytes reproduce both asexually and

saxually. Asexusl reproduction involves

1. budding by septation

2. znospore formation by progress.ve cleavage of the parent proteplast.
Zovspores ars ,aked and therefore vary in shape, although typically

becoming spherical when motility ceases,

3. aplanospore formation. Unrelassed zoospores davelop into new thalld,

woentually rupturing the pavent wall.

4. coenocyst (resting spore) production, by

a  condensation of all or part of the protoplast

b. equal or unequal cleavage of the provoplast by centripetsl

furrowing.

Coeno:-ysts range in colour from green to orasge to red, and may de-

velop into thalli if moistened, or form zoospores if submerged.

Sexual reproduction has only been reported in some isolates, (for exampie,
Thomas (1998) found zygotes in only four of the 32 isolates he studied)
It involves lateral or apical fusion of isogametes indistinguishiable from
zoospores, and may be homothallic (Carter 1926, Bald 1933; Moter 1947b)

or heterothallic (Nayal 1933, Moewus 1935; Vilden 1937). The resultant




zygotes are stellate or variously lobed, and depending on environmental
conditions, they may become dormant or may germinate immmedidtely to give
rise to a vegetative siphon. There s ao evidence that meinsis occurs on
zygote gervaminge fon, although Moewus (1935) suggested, without verifica-
tion, that the siphon is haploid and that zygote germinstion involves a
reduct fon division. However, both Maher (1947b}) and particularly fGowsns
{1976), have disproved Jarge portions of Moewus ‘s work - and Gowans con-
cludes (Gowans 1976, p327)  "ln view of the considerable amount of evi-
dence presented and summarized above, {t {s considered advisable to
discount any and all of the published work of Franz Moewus unless such

results have been repeated and confirmed indepandently.”

Other publications on Protos/ghon have not been subjected to such strin-

gont cviticism, and will be briefly reviewod.

Much 0f the published literature pertaining to Protosiphon s concernad
with the offect of envivonwental variables on the stages of the life cy-
cle. The optimum conditions for both vegetative growth und reproduction
in a number of different isolates, were determinad by Maher (1946, 1947a,
1947b) in a series of comprehensive sxperiments. Later studies concen-
trated on fautors influencing zeospore production and reledse, such as
alkaline earth elements (0'Kellay and Herndon 1961), calcfum and
strontium {0'Kellev and Merndon 1939; 0'Kelloy 1965), nitrogen and
sulphur (0'Kelley and Deason 1962), light cycles ($tewart and 0'Kelley
19663  and light intensity and wavelength (Durant et &/, 1968). The most

impurtant findings of these studies were

1. Jight inhibits production of oospores

2. replacement of the dark period of the light : dark cyole with red

Light promotes zoosporogenesis
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3. synchronired woospore production is facilitated by stirring the cul«

tures fn a 36:12 light : dark cycle

4. the optimum temperature for rapid and maximum zoospore production is

2% - 27°%C.

5. zoospore production exhibits short wave ength inhibition and long

wavelength stimulation.

This last charactevistic prompted research inte Protosiphon's pigment
system. Thomas ot 47. (1975) described a photoreversible system separable
into two fractions, one of which conteins flavin as & blue light
photorecepter. Research continued {n the further characterization of
Protosipkon's flavoproteins and their functioning {(Ross et al. 1978). The
carotenold pigments {(Strain 1951; Kleinig and Czygan 1969), and
carotenoproteins (Berkaloff 1977) of Protosiphon have alse been analysed,
and  their possible formarion and metabolism described at the

nitrastructural level (Berkaloff 1967, 1975).

Berkaloff (1967) has also studied the development of the adult siphon from
the ‘chlorococcal' stage (which has ne discernible longitudinal axis),
and has briefly described the mature cell as it appesars at the electron
microscope (EM) level. The physiclogical and ultrastructural changes re-
sulting from the addition of streptomycine to culture media have been
documented (Berkaloff and Jupin 1974), while other physiological data

tnclude

a tempurature and salinity tolerance of viable coanocysts (Nayal 1933)

° a comparison of the physiology and isozyme composition of 32 different

‘solates (Thomas 1968, 1971, Thomas and Brown 19703,
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Thomas (1998) also found that they: was no consistent correlation berween
physiological and morphological varfation, so the cause of the variation
incitilt s2c morphology, & widely discussed phenomenon {Bold 1933, Iyengar
1933; Ghos= ind Ruadhawa 1933, Maher 1947b; Thomas 1971, De Silva 1975},

remains unknown.

1.2 THE TAXONOMY OF PROTOSIPHON BOVRYDIDES.

The generic name reflects the similarity of the sac-like adult cell to
the coenocytic cells c¢f the siphonous algae, despite the smaller dimen-
siors of Protosiphon (Klebs 1896). The specific epithet refers not enly
te clustered coeincysts, but is a reminder of the initial confusion of
Protosiphon with the superficially similar xanthophyte Botrydiuvm
(Rostafinskt and Woronin 1877). There is only one species of
Prorosiphon, although the remarkable variation in sac morphology has
prompted som. authors to suggest that a number of varieties, or even more
species, actually exist {(Iyengar 1933; Nayal 1933, Thomas 1968). Thomas
(1968) did attempt to describe ten new speciss based on a combination of
factors (morphology, physioclogy, fmmunocytochemistry, isozyme analysis),
but the variation within and the overlap between 'species’ was so exten-
sive, that no descriptions were ever published. However, the main
taxonouic controversy surrounding Protosiphon does not exist at the spe-

cies level, but at the ordinal level.

Protusiphon botryoides (Protosiphonaceae) is usually placed in either the
Siphanales (West 1916, Setchell and Gardner 1s¢u; Foitvsch 1935, Bold 1933,

Tilden 1937; Iyengar 1931, Bourrelly 1966; Puiseux-Uon 1966; Gowans 19761

e



Erel 1980)' or the Chlorococcales (West and Fritsch 1927, Smith 1950;
Strain 1951; Prescott 1963, Thomas 1968; Chapman and Chapman 1973; Deason
1984; Bold and Wynne 1985). The only exceptions are Ettl and Komarek
(19823 who created the Protosiphonales with four families-
Protosiphonaceae, Hydrodictyaceae, Characiosiphonaceae,
Rhopalosolendceae. However, this order, {which encompasses all
multinucleate algae with a central vacuole, that reproduce asexually by
naked zoospores/aplanospores, and that do not contain siphonein or
s iphonoxan. J» has not been recognised by other taxonomists (Deason

1984; Round 1984; Mattox and Stewart 1984, Bold and Wynne 1983).

Whether or not Protosiphon is included in the Chlorococcales or the
Siphonales, depends on the way in which these orders are defined. In a
number of systems based on vegetative and reproductive morphology (eg:
Bourrelly 1966; Ettl 1960; Frescott 1969), Protesiphon slots into sither
order equally well, and the placing of the Protosiphonaceae appears io
be a matter of choice dependent on scientific prejudices. For example,
Prescott's Siphonales and Ettl's Bryopsidales are defined using the same
features, and yet Prescott places Protosiphon iin the Chlorococcales and
Ettl places it in the siphonous grouping. Bias is especially evident in
Fritsch's scheme (1935}, where Protosiphon conforms with the chacacter-

{zation of the Chlorococcales and yet is placed in the Siphonales, despite

i In this study the term Siphonales' corresponds to the Siphonales
of Smith (1955); Bryopsidales of Ettl (1980) and Hillis-Colinvaux
(1984); Caulerpales of O'Kelly and Floyd (1954&) and Bold and Wynne
(1985); Codiales of Lee (1980); and combined Siphonales and
Derbesiales of Prescott (1969) and Chapman and Chapman (1973). It is
not synonymous with the Siphonales of Iritsch (1933) which is an ex-

tremely broad usage encompassing all coenocytic siphonvus alpae.




the fact thet it does not have numevous discoidal chloroplasts - one of

the distinguishing features used by Fritsch (1935) for the Siphonales.

Those classifications clearly reflect Smith's comment (1933, p523) that
"the simplest of the Siphonales integrate with the coenoccytic
Chlorococcales, and it iz a debatable question whether such coenocytic
algae as Protosiphon and Codium belong 1o the Chlorococcales or to the
Siphenales.” The problem is exacerbated by the polyphyletic origins of
the Chlorococcales, which have caused a numbs . ,f taxonomists to describe

this order as "an artificial gromp of organisms”

(Bourrelly 1966, pl2s
transtated), "a diversified and artificial assemblage " (Prescott 1969,
p56), Munnatural™ (Frivsch 1935, p178); and incluling relationships that
are "extremely vague' (Chaoman and Chapman 1973, p5u) and families that

are more or less artificial” (Smith 1950, p222).

In systems that include details on pigment composition, there is more
consistency in Protosiphon's position. Strain (1951) first desc~ibed the
presence of two xanthophylls, siphonoxanthin and an ester siphonein, in
four members of the Siphonales. Protosiphon contaiis neither pigment and
was placed in the Chlorococcales (Strain 1951). Smith (1950) meations this
information when placing Protosiphon in the Chlorococcales, but in tail-
ing to include it in the definition of the Siphonales, he makes this order
an equally possible repository for the Protosiphonaceae. However, the use
of this pigment criterion results in Protosiphon being firmly placed in
the Chlorococcales by Strain (1951), Smith (1955), Chepman and Chapman
(1973}, Lee (1980), and Bold and Wynne (1985). Bold and Wynne (1985) and

Smith (1955) mention both xanthophylls in their ordinal des

iptions of
the Siphonales, but Chapman and Chapman (1973} and Lee (1980) are more
carrect  in  stipulating the presence of sipbonein «lone, as
Dichotomrsiphon does not contain siphonoxanthin (Kleinig 1969). In addi-
tion, there is also a single species of Caulerpa, . filiformis, in which

both pigments are lacking (Goodwip 1974). So the use of the presence or

Fio




absrnce of siphonein/siphonoxanthin to include or exclude algae from the
Siphonales, would appear to have limitations - especially as these

xanthophylls are not restricted to the Siphonales (Bold and Wynne 1985).

The methods conventionally used to classify Protesiphon at the ordinal
level have therefore failed to solve the problem. The morphological
criteria seiected are largely arbitrary, and differ from one taxonomist
te the next; pigment composition is not without exception; the freshwater
habirat of Protosiphon is of no value in excluding this alga from the
Siphonites, as not all members of the Siphonales a' o marins (Bold and
Wynne 1985); and life history cannot be used, as Chapman {1964) has done,
a8 there is no irrefutable avidence concerning the site of meiosis or the
ploidy of the cells. One of the aims of the present study was therefore
to detevmine the ordinal status of Protosipion, using ultrastructural
characteristics that have recently been shown to have taxonomic sig:if-

icance (Pickett-Heaps 1975; Mattox and Stewart 19847,

1.3 ULTRASTRUCTURE AND GREEN ALGAL TAXONOMY.

The current interest in green algal phylogeny was triggered by the de~
tailed and extensive ultrastructural work by Pickett-Heaps and his col-
leagues, on cell division in the Charales, Oedogonisles, Zygnematales,
and Chlorococcales {Pickett-Heaps 1969 - 1975, Pickett-Heaps and Fowke
1669, 1970; Marchant and Pickett-Heaps 1973; Marchant et at. 1973). These
siudies vevealed the diversity in structural detail of cell division, and
Ted to the suggestion {(Pickett-Heaps and Marchant 1972) that there arve
two main evolutionary lines in the green algae . the first characterised
by closed mitutic spindles and phycoplast formation during cytokinesis;

the second having persistent interzonal wmitoti- spindles and a




cytokinetic phragmoplast  as in  higher plants. The first group,
Chlorophyceaa, initially encompassed the Volvocales, Tetrasporales,
Chlorococcales, Oedogoniales, and some Ulotrichales. The second group,
Charophyceae, initially included the dygnematales (Conjugales), Charales,
Coleochaetaceae, and Klebsormidium, and probably gave rise to higher
plants (Manton 1965, Stewart and Mattox 1975, 1978, Mattox and Stewart

1984, Melkonian 1982a; Moestrup 1978).

The existence of the Lwo evolutionary lines based on cell division fea-
tures, was supported by the results of further research by Pickett-Heaps
(Pickett-Heaps 1975}, and Floyd, Stewsrt, Mattox and colleagues (Flovd
at al. 1972; Stewart et al. 1972,1973; Matrox and Stewart 1373, Birbeck
et al. 1974, Stewart and Mattox 1975). Firstly, with the localization of
glycolate oxidase in the Charophyceae but not in the Chlorophycear; but
more importantly, by the distinction of twoe different types of motile
cell. The Charophyceae produce biflagellate wotile cells with laterally
inserted flagella, where the flagellar basal bodies are associaied with
a multilayered structure. The Chlorophyceae produce calls +h two or more
anteriorly inserted flagella, where the basal bodies are assoclated with

four (or more in stephanokonts), cruciatety-arrvanged microtubular roots.

Tnevitably, as  more studies were completed on  the flagellar
apparatusfeall division of different algae, examples were found that
fitted into neither of the twn groups. This resulted in the erection of
additional classes (see Mattox and Stewart 1384), of which the Ulvophyceae
is the largest and the most clearly defined, Mattox and Stewart {(Matiox
and Stewart 1977; Stewart and Mattox 1978) formed this class because
certain algae had a cruciste flagellar root system but ne phycoplast,

cytokines

s involving a precocious furrow only. Further characterizat{on
of this class way due largely to the efforts of Floyd, 0' »lly, and co-
workers (Floyd 1981; Floyd and 0'Kelly 1984; Greuel et al. 1982; Hoops

et al. 1982, Taylor et &l. 1982, 19853, Stuessy st al. 1983; 0'Kelly and
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Table 1. A comparison of the two green algal

Clvopliycean

(Dara drawn from Irvine and John 1

classes Chlorophycese and

984, chapters 2,3,4,10).

CHLOROPHYCEAE

ULVOPHYCEAE

Cell division.

1)interzonal spindle collapses
at telophase and a phycoplast
develops associated with »
furrow or cell plac»

2)centrioles at, or laieral to
spindle poles.

3yalways shortening of

chromosome-to-mitotic spinasa

pole microtubules, during

anaphase.

1lpersistent interzonal spindle;
precocious cytokinatic furrow.

Z)jcentrioles lateral to spindle
poles.

3joften very little shortening of
chromosome-to-mitotic spindle
pole microtubules during
auaphase.

Mc tile celle,

1ithecate of naoked

2jraaial or near-vadial
w/ternal symmetry,

3)bic, quadri-, or multi-
flagellate.

4leruciate root system.

5)tlagella apically inserted.

6)clockwise basal body orient-
ation with 2 smaller microtu-
pular roots extending in a
line across the basal bodies
2 larger roots offset on the
outer basal body surfaces.

7)flagellar hairpoinc from
1o« 2um.

%)flagellar stellate structure
has a distal : proximal
length ratio of 2-3:1. The
transverse septum, usually
attached only to the distal
portion, extends to the flag-
aljar membrane aund may be
centrally dilated.

9irhizoplasts may be present
in flagellates, never in
SWarmers.

)scaly or naked.
Z)near-radial external symmetry.

I)bi-, quadri-, or multi-
flagellate.

4)cruciate root system.

5)flagella apically inserted.

6)anticlockwise basal body
orientation with 2 larger micro-
tubular roots extending in a
line across the basal bodies
2 smaller roots offset on the
outer basal body surfaces.

7)flagellar hairpoint usually
Zum,

8)flagellar stellate structure
tias a distal : proximal
length ratio of 1-2:1, where the
transverse septum is associated
either with the proximal part or
with neithar proximal nor Jdistal
parts; or the stellate structure
is very alongated and is either
continuous with no transverse
septum, or divided into proximal
and distal parts with ao sentum.
9)rhizoplasts often present.

Haott,

i)predominantly freshwater.

Dpredominantly marine (but some
freshwater forms).

Life histery,

1)sexual reproduc,ion nearly
always invoives production
of a dormant zygote and
zygotic mefosis.

1)sporic meiosis common and dor
mant zygotes not known.

Organization.

1)flagellate,coccoid,colonial,
sarcinoid, filamentous, par-
enchymatous.

1ysarcinoid, filamentous, paren-
chymatous, thalloid, coenocytic,
siphonous.

Orders.

Chlamydomonad.les, Volvocales,
Chlorococcales, Chaetophor-
ales, Oedoguniales, Sphaero-
pleates, Ch'orosarcinales

Ulotrichales, Ulvales, Siphono~
cladales, Sipnonales, Dasyciad-
ales.

i
e,




Floyd 1983; 1984a; 1984b; O'kelly et al. 1984, Fioyd et &/. 1985), and
vnabled a detailed comparison to be made between the Ulvophyceae and the

Chlorophyceae (Table 1;.

& point of major significance is that the Chlorococcales are placed in
the Chlorophyceae, while the BSiphonales are positioned in the
Ulvophyceae. This ordinal classification rests largely on mitotic and
cytokinetic evidence for the Chlorvcoccales (provided mainly by Pickett-
Heaps, but also Deason and O'Kelley 1979), and on motile cell foatures
for the Siphonales (Burr and West 1970; Moestrup and Hoftman 1975; Hori
1977, Gori 1979; Roberts et al. 1981, 1982, 1984; Melkonian [980b, 1981,
Greuel et a&l. 1982). There is only one complete description of a
Chlorocnccalean flagellar apparatus, that of Golenkinia (Moestrup 1972),
which is structurally unique among the green algae in that it has no
transition stellate pattern, a 941 axoneme microtubnle arrangement, and
no connecting fibres. As Golenkinia differs from all other green algas,
it is unlikely to be representative of the Chloroceccales. In contrast,
the two solitary descriptions of cell division in the Siphonales (Burr
and West 1970, Hori 1981), are similar and conform to the Ulvophycean
description., The ovarall affinity of each order, however, is unques-

tioned,

The aim of the present study is to use this ultrastuctural classification
to provide a solution to the ordinal position of Protosiphon, as the
ulerastructural features of the Chlorococciles (Chlorophyceas) and the
Siphonales (Ulvophyceae) are different and well-defined. A study, suffi-
ciently detailed to provide the necessary information for application to
the preseat phylogenetic scheme, would also provide the descriptive data
that are still lacking in many green algal orders - relating not only to
taxonomically important structure, but also to vegetative and resting

life-history stages.

e
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MATERIALS AND METHODS.

2.1 SOIL SAMPLES.

Over thirty soil samples were taken from dry pans in the Transvaal East

Rand and the Namib - Naukluft National Park (Namibia). The four samples

eontaining Protosiphon that were selected for this study were

’

sample 13 - an extensive undulating pan in the Shangri La Agricultural
Holdings, Benoni (28% 24"; 26° 05'). Soil was a yellow clay, and had
beer recently disturbed as there was little highar vlant vegetation,

and numercus mounds of overturned earth.

sample 26 - & shallow pan edjacent to the Ven Ryn golfcourse in Benoni
(28° 21';26° 10'). Soil was friable and richly organic, and the pan

way covered by grass and small herbacious plants.

sample 33 - & pan on the east yide of the road leading south along
the Goreb mine air. strip (23% 30°; 13° 20'). Finely granular soil

with a well « developed layer of surface littar and moribund aaterial.

sample 36 - 4 tree-lined large pan, 12 kilometres past the Gobabeb
turnoff neat Aruvlef, on the main Walvis-Windhosk road (23° 30'; 135°
00'). This pan alse had a litter layer of several centimetres in

depth, and the soil was organic.




2.2 ISOLATION.

Five grams of each soil sample were placed in each of 3 Erhlenmeyer flaska
containing $0-75ml modified BBMS (see ssction 2.3 Cu'turing). Flasks were
vioppered with a cotton-woel bung and tinfoil. Well-mixed, lml aliquots
were pipetted from each flask onto an agar plate (1.5% technizal agar in
modifiad BBMS), which was the- sealed wi.u a strip of parafiim, All
plates and flasks were placed in 8 Labex growth chamber (Labeoss model
LTGC) with either a 12 : 12 light : dark cycle at 24°C, or a 10 : 14 light
: dark cyele at 179C.  Light intensity was 200-230pE.m"13™) As soon as
Protosiphon cells could be distinguished, they were picked up using a
miccopipette, and transferred to a4 sterile agar plate. Repeated transfers
over several weeks secured unialgal cultures with few bacteria. Three
isolates ware cbtained in this way : isolates 1 (sampie 13), I (sample
2€), and 3 (sample 36). A second Namibian i{solace, isolate 4 (sample 33),
was kindly provided by Dr. J. Buzer, who also made all her ¢’ .r Namibian

s0i] samples freely available.

Zeiss standaid microscopes, both light and dissecting, ware used during
isolating. All photomicrographs were taken using a Zeiss standard with a
camera attachment, excepting figures 1, 43, and 105 which were taken on

a Zeiss photomicroscope.

All glassware used was acid-washed (10% HC1), repeatedly rinsed {n dis-

tilled water, sealed, and autoclaved

it
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o 2.3 CULTURING. .
Maher (1%47a) determined *he optimum conditions for vegetutive growth as
a 10 16 light @ dark oycle at 179C, in BEM with & pH between 6 and 7,
v
i
sotidified by 0.5-1.3% agar. Siphons rom all & {soletes were grown under
these conditions with some success, but In order to obtain luxuriant
growth, # number of addivienal culture medis was tested.
Siphons were harvested by centrifugation (3000rpm for lumin.). 0 Sml was
either added to & crerile, acid-washed flask contairiug 50wl of one of
six media, or sprasd over a4 1.2% agar plate made with one of the following
; six media
- a
i Pocock (Pocock 19371 ~ dexigned specificslly for South African sosl
algae.
[} 2 Modified Powock - modified by the adi:ivion of 1 part seil-water
(Melachlan 1379) and 1 part <Gen iCarolins Biologiial Supply
T Compary ) to | part Pocock. {(Hevommendes by Hoffman 1984)
3 Lewin (Buzer, pers. comm., ses Appendix 131,
& Chu ap. 10 iGhe 1942}
5. BEMS - with esch litre of BUY (Niinoio and Bold 1965) containing 60ml
soil-water

6. Moditiad BEME - BEMS with 3 times NaNOy (recommended by Brown and Bold

1964) and .0 times soil-water (as Protosiphon is s soil alga).



2.3 CULTURING.

Makier (1947a) determined the optimum conditions for vegetative growth as
a 10 : 14 light : dark cycle at 17°C, in BBM with s pH between 6 and 7,
solidifing by 0.5-1.5% agar. Siphons rom all & isolates wr.» grown under
these conditions with some success, but in order to obtain 1 .uriant

growth, a number of additional culture medis was tested.

Siphons were harvested by centrifugation (3000rpm for I0min.). 0.5ml was
wither added co a sterile, acid-washed flask containing 50ml of one of
six media, or spread over a 1.2% agar plate made with one of the following

six media :

1. Pocock (Pocock 1937) - designed specifically for South African soil

algae.

2. Modified Pocock - modified by the addition of 1 part soil-water

(McLachlan 1979) and 1 part Alga-Gro (Carolina Biological Supply

Company) to 1 part Pocock. (Recommended by Hoffman 1984).

3. Lewin {Buzer, pers. comm., see Appendix 1},

. Chu no. 10 (Chu 194%).

5. EBMS - with each litre of BEM (Nichols end Bold 1965) containing €0ml

soil-water.

6 Modyfind BBMS - BBMS with 3 times NaNOy (recommended by Brown and Bold

1964) and 10 times soil-water (as Protosiphon is a soil alga).

P



AYY cultures were made in triplicate, and incubated undetv optimum condi-
tions (Mahor 1947a) for & weeks. Modified BBMS and modified Pocock pro-
moted excellent growth, BBMS and Lewin supporvted adequate growth, while
cultures in Pocock and Chu no. 10 showed negligible growth. The two wod-

ified culture media were therefore selected for all subsequent culturing.

The following growth conditions were fmposed in order to determine whether
different siphon forms are enviroumentally induced 0.5ml centrifugate
was  transferved onto agar plates {1.5% in modified BBME). Both Thomas
(1968) and Maher (1947a) have suggested that cell density may ba {wportant
it derermining siphon shape, so the centrifugate was
1. spread thickly using a glass s'ide,
;
- 2. reguspended in lml modified BBHS and pipetted over the plate.
3. resuspended in 5m) modified BBMS and pipetted over the plate,
-
- A renlicate of each of the different cell density plates was then grown
A in each of the following :
™ 16« W light @ dark at 17°C and 230pE.
10 14 light : dark .at 17°C and  60pE.
10 . 14 light ; dark at 25°C and 230pE.
10 14 light @ dark at 25°C and  60pE.
12 : 12 light : dark at 17°C and 230pE.m
12 0 12 light : dark av 17°C and  60pE.
i 12012 light @ dark  av 25°C rad 230pE.
: 12 0 1z light ¢ dark av 25°C and  60pE.mhs 't
Observatiors were made over 5 weeks. Siphons of diffsrent foims were
s tsolated, placed on agar plataes, and induced to form zoospores. The si-
phons  resulting from zcospore germination were observed after 4 weeks
% growth, in the 8 different conditions listed above.




Cottaminatios problems avose «iih a malfunctioving autoclave, and at-

tempt to purify culturas involved

1. rvepeated rinsing (Brown and Bischoff 1962}

2. a combination of a number of physi

cal processes innluding rinsing,

ultrasonication, and atomiser inoculation (Wiedeman er al. 1964}
3. addition of antibiotiecs (Cuillard 1979}

None of thesa —as completely successful, and cultures had Lo be re-

isolated from the soil samples.

2.4 ZOOSPORE PRODUCTION.

The method used to obtain zoospores was based on the findings of Stewart
and 0'Kelley (1966), and Durant et al. (1968). Howevar, the use of red
light was not possible witn the equipment available, and prolonged stir-
ring of the cultures (.;mﬁ('zd morphological sbnormalities and so was dis-
continued. After 36 hours continuous light, large quantities of culls were
harvested uy centrifugation, and 12ml pellets were resuspended in 75ml
fresh modified BBMS or modified Povock. These thick cultnres were then
Ieft in the dark at 26°C. Although zoospore production generally began 4
- 5 hours after the onaet of the dark peciod, and peaked from 2 hours
before to 1 hour after the light period began, synchrony of zoospore
production was nevar good. Isolate | produced move zoospores in hetter
synchrony than the other 3 isolates, and so most zoospores collected for

M study were of sample 13 origin.




Comparison of zoospore production by mature siphons, young coenocysts,

and old red coenccysts, was also made.

2.5 GAMETE PRODUCTION,

If Protosiphon's zoospores are facultative gametss as stated by Bold
{1933} and Thomas (1968), then it would seem probable that some environ-
mental factor Induvces conjugation. The only factnr not commwon to both
types of motile cell production, is the gamete requirement for culture
modia with a reduced nutrient status (Maher 1947b). As zygotes appearsd
in isclate 2 after the very {irst zoospore produciion trial run, siphovs
from this isolate were collectod and placed in distilled water at 26°C
in the d-rk. Motile cells were produced but no conjugation occuryved,
Cultures were observed during motile cell activity, and for & days after

motile cell production, as zygotes are only distinguishable 2 - 3 days

after rormation (Maher 1947b; Bold 1933). The itial zoospore production

experiment was repeated (sn N-rich medium replaced the distilled water),

but aqain only zoospores were seen.

“hen followed an intensive series of experiments dasigned to induce gamete

format ion and fusion. All environmental factors known to affect sexual

reproducticn in green algae were considered - concentrations, tem-
perature, light duration and intensity, age of the culture, and the par-
ticulay isolate (Thomas 1968, Tratnor 1970, Dring 1974 O'Kelley 1983,
1984 Tifvickjian and Rayburn 1986). Protosiphon cells of different ages

trom all & isclates (growing in mod{fied BBMS at 17°C; 10 @ 14 lighe

dark; 23¢cpE.w hs L) waere havvested and placed in & varlety of culture

macdia. The freshly inoculated flasks were tnen .noubated at differcent

g



Table 2. The combinations of different variables used to

reproduction,

induce sexual

VARIABLE.

COMBINATION.

Isolate

Culture age
(weoks)

Culture medium

Temperature

Light : dark
cycle after
fresh medium

Modified BBMS; BBM-N (no NaNOz):
BEM (no soil extract); Alga-gro;
Distilled water modified Pocock;
Lewin.

17°C; 26°C; room temperature

12 ¢+ 12, 24 hours darkiess, then
10 ¢ 14

24 hours light, 14 hours dark,
then 10 - 1é.

o




)

temperatures and light @ dark cycles., The different variable combinations

are presented in Table 2,
Only isolate 2 was used in experiments invelving shock temperature
changes, and light intensity. Four week old cultures were placed in dis-

tilted water, BAM-N, or wmodified BBMS, and

1. subjected to 4 hours at 30°C before being returned to 17°C darkness

2. pilaced in darkness, or low light intensities (60pE.m™.s-L), or high

tight intensities (230pE.m~ts™t), at 17°C on & 10:14 cycle.

If Protosiphon is heterothallic (Nayal 1933; Tilden 1937), then {t i»s

possible that one strain of gawate (ie: .plus or minus) had been lost
during isolation and subsequent subculturing. A new isclate was made from
sample 26, and subjested to the series of environmental stimuli alone,

and mixed with the original selate 2. Mixtures of all 5 {solates, or

parres isolate combinations, were also used. The reisolation of a sampie
26 culture precluded the possibility of loss of sexunlity due to culture
fatigue (Trainor 1985), and the soil-water contained in some of the media
was a mitture of soil extracts (from red clay, loam, orvganicaliy-rich

sandy so0il), as differences {n the composition of soils used to obtais

soil-water may be important (Trainor 1970; Moestrup and Hoffman 1975),

Twe fsolates from the Texas culture collection, UTEX 46 and 461, which
were known to reproduce sexually 20 years ago (Thomas [968), were also

sabjecied to gametogenesis induction,

Not a iingle

iygote was produced in any of the 1460 expoerimedtal cultures.

ne pa

ible explapatien is that sexuval reproduction in Protosiphon is
conirotled by an endogenous rhyhm (Driug 1974). It is unlikely that the

rhvthm i a lunar oue, as Protosiphon is a [y

shwater soil ajga and not

subjoct to tidal changes. Also, the only zygetes seen ware (unwittingly)

e
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produced during the full moon of October 1985, and although a numbey of
Yater experiments coincided with this lunar phase, no zygotes wers sub-
sequently formed. At empts to obtain zmygotes weve carried out in October
1966 and 1987 to no avail, so the rhythm is probably nov seasonal. Tt may
he based on a set interval o’ days as in Derbesia (Page and Sweeney 1968},
but it (s far more difficult to determine this in a unicellular alga that
no longer exists once motile cells are produced, than in an alga that can
periodically delimit many gametangia by septation. The problem of induc-
ing gamete formation and fusion in Protosiphon is not unigue, as other
authors (eg: Ellis and Machlis 1968, Hori and Enomoto 1978a; 0'Kelly and
Yavish 1980; Trainor 1985, Bold and Wynne 1985; Berger-Parvot ot a/. 1986)
have mentioaed difficulty ohtaining a particular motile phase in other

graen algae.

2.6 CYST PRODUCTION.

Cultures of all 4 isclates were subcultured into both modified BEMS and
wod{ fied Pocock, either in 100ml stevile Ert meyer flasks, or on plates
solidified with 1.5% technical agar. To facilitate water loss, neither
tho flasks nor the agar plates were tightly sealed. Cultuce replicates
were loft on a window-ledge in full sun, or incubated at 26°C, 230pE.m'

f,oli:ri2 light @ dark cycle. Observations ware made twice wesekly over

a period of & months. In order to veduce the time period over which
coenonysts developed, and to perhaps induce some degree of developmental
synchrony all iselates were also grown in N-deficient EBM, 1 quid and

solid cultures.




2.7 NUCLEAR DIVISION.

Coasidering the time and the axpense involved {n EM, light microscopy (LM)
was used in an attewpt to pinpoint both the life-history stage and the
actual time in the diurnal cyeie, during which mitosis occurs. A number
»f different nuclear stains wera tested on siphons of 3, 7, 14, and 21

days of age

I, dran alum-acetocarmine stain designed specifically for green algae

(Godward 1948,1966)

2. Giemsa staining techniques (Knox-Davies 1966,1967) and somo modifi-

cations {Hrushovetz 1956, Duncan and Gaibraith 1973).

The lack of success encountered was not due to failure of the stains, but
to the very small size of the nuclei - which Puiseux-Dao (1966) acknowl-
edges as a major drawback in studying maltinucleate siphonous cells. dest
staining was obtained with Gedward's wethod (Godward 1366) employing a
511 9%% aleohol @ glacial acetdc acid fixative, and mordanting in a 1:10
iron alum dilution. But even so, the nuclel appesred as minute scattered

dots. Therefore only EY could be used to investigate nuclear division.

This process veportedly occurs just prior to zoospore production in
Protosiphon (Bold 1933; and implied Ly Puoiseux-Dac 1966) and many other
algae (Deason and 0'Kelley 1979, Bold and Wynne 198%), so the probability
of  finding mitotic stages during szoosporogenesis seemed high.
Zoosporogenesis was induced ss before {section 2.4) using liguid cultures

of 4ll 4 isolates of various ages

o dselate 1+ 3, B veeks

e
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o twolate 2 - 3, 4, 6, 9 woeks

o isolate 3 - 6 weeks

B isolate & - 3, 8, 50 weeks

Snbsamples for EM fixatfon were taken from each flask, beginning 1.5 hours

after the onset of the dark cycle and continuing at 0.5 hour intervals

for 5 ~ 7 bours. After viewing sections made of wvach isolate of different
ages, at each time interval duriag the dark hours, not a single dividing
nueleus had been found. The possibility that nuclear division is extremely
rapid, and was occurring in the 0.5 hour iIntervals between fixations,
cannat be ignored - but zoospore pioaduction is never synchronous, even
by cells in the same culture ssel, and all the nucied within a call do
vot divide at the same vtime (Bold 1933). It is therafore quite incradible
that a nuclear diviston, however rapid, never coincided with a fixation

time in over 100 different samples, of which at least 2 grids were made

of each.

A ditferent approach was then adopted. On germination, uninucleste set-
tled zoospores give rise to multinucleate ziphons. Nucleay divisions must
therefore ocuur during geraination, which is first visible as «cnil
elongation ocourring some 3 days after settling. [t seems probable that
nuclear division asccompanies this coll elongation in Protosiphon, as it
doas in dydrodictyon (Marchant and Pickett-Heaps 1972). Vast quantities
of zoospores were iunduced from ciltures of all isolates, sollected at the
beginning of the light period, mixed together, gently centrifuged
(2000rpm for 12 min), resuspended in fresh medium, and placed in a series

of sterile glass test tubes. One set was kept at 17°C, and the other at

267C, both on 8 12:12 eycle, and 230pE.m * Samples wore fixed over &
days at 6 hour intervals o at the beginning of the light cycle, beginning

of dark cycle, and & hours into the dark cycle. No samples were fixed

it
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cal reasons - and nuclear

during the middla of the light period for prac

division commonly oceurs duriag vhe hours of darkness (Godward 1966). The
6 ot 12 hour interval during which division occurred could therefore be
determined, and fixations could then be made at 15min. intervals during

this period fn a subsequent expariment.

After 4 days, however, none of the nuclei had divided, as all cells wore
still uninucleate. No elongation had occurred, and it is probable that
vormal development was disrupted by submersion of the cells {n test tubes
which have such a small air liquid inverface. (Test tubes wers used to
facilitate the case of fluation in the middle of vhe dark pericd, sand of
harvesting of calls « this being important especially in the latter

stages of the experiment when the numerous samples were all at diffevent

stages of EM proparation and timing was crucial),

Ko further attsmpts were made to obtain mitotic stages, but if such at-
tempts were continved, then the suggested procedure wonld be to plate out
the zoospores before gerwination, as elongation invariably cccurs on a

salid substrate.




2.8 ELECTRON MICROSCOPY.

2.8.7 FIXATION AND EMBEDDING.

ZOOSPORES.

Zovspores were collected from .he meniscus at the beginning of the light

period. Great care was taken rot to include adult cells in the pipetted

sample, as these created fixation problems. 9ml of zoospores were fixed

in one of seven tested methods.

& - iml 25% glutaraldehyde

B - 1wl 25% glutaraldehyde with 0.025g tannie acid (Cotta-Pereira of

al. 1976)

€ - 0.5ml 25% glutaraldehyde dropwise over 3Cain. Further 0,5ml 25%

giutaraldehyde for fivation times exceeding 30min,

o= 0.5ml 25% gpluvaraldehvde with 0.025g tannic acid added drupwise

over G0min, Further 0.5ml 23% glutarladehyde with 0,025 tannic acid

for fixation pariods exceading 30min,

Eo- lml 10% glutaraldehyde (diluted in culture medium).

¥ oo pavaformaldehydesglutaraldebyde fixstive (Karpovsky 1963) modi~

fied for delicate algal cells (Appendiz )

oy
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o i~ simuitaneous glataraldehyde-asmivm tetroxide xation (Franke et

al. 1969

A replivate of fixations A=Y was fixed for 0 5, 1, or & hLours, at room

500,

temperature, Plxation G was Tixed [or 0.9 or U hour at § All suamples

were then centrifuged at 3000rpm for 10mas to obtain a pellet. The pellet

was sither processest (C,E,G1, or solidified 1o a droep of warm agar (A-F)

1g oxeid no. 3 or purified agar in 20ml distilled water or filtered

culturs mpdius (0. 2um filter poresize). Once gelled, the sgar was cut .nto
¥ & &

blocks. Samples we rinsed & times at DSmin, intervals in G. 1M phosphite

butter pH 7.3 (Sorenson in Hayst 1981) - A-F, ar in 0.1% sodium cacodylate

buffer pi 7.2 (Hayat 1981) - A,C,0.

Postfixation utilized 1% osmium tetroxide made up In the same buffer uged
in rinsing, (ie: either phosphate or cacodylate buffer). Postfixation
times of 1 (A<F) or 3 (C,D,0) hours were tested al room tempavatuve (A-F)

or 3°0IG). Butfered yinses (& x 15win.} preceded dehydration at l0min

intervals, through either an alcohn!l or sn acetone sories : 10%, 23%. 50%,
755, 0%, 95%, 2 x 100%. Spurr's resin (Spurr 1969 was used for embud-
ding, with a series of resin ! alcohol changes from 1:3 (6 hours), 1:1

(12 hours), 3:1 (12 hours), pure tesin (24 hours with 2 changes).

Pulymerised at 7070 for B houra.

Cf these fixations, A& and B produced a high percentage of plasmolysed
cottn, and in € ne cellular detail was visible because of the black pre-
cipitate caused by reduced ouwmium compounds  Addition of tannic acid did
not woticeably fmprove membrane or microtubule preservation so the added
esxpanse g net considered worthwhile, Therstore the 3 fixations that were
repeatodsy usad ware O, F, and F, which all yislded equally good fixation.

Atrh

b some piasmolysed colls ocouremd fu fix © (enly some 5%), fixation

wan gowd, particalaviy sfter 4 hours. A 4 hour fixation time was essential

fiv £, but an fix F oa } hour fixation time was suf{ficient,




No difference war observed botween pillats processed with or without agar,

and the ease with which subsequent preparation is carrind out when samples

are Sn agavisad blocks, strongly supports the use of agar. (Zoospore
pellets pever compact tightly and have 1u be repoatediy centrifuged in
order not to luse the sample). The use of watwr or culture madium, and
oxoid no. 3 or purified agar, had no effert on the final image. The
phosphate and cacodylate buffers were equally afficient, so the phosphate
buffer was selected because it is cheaper. No observable difference re-
sulting from diffe.ent postfixation times was c«vident {50 1 hour was

used), and dehydration in alcohol was as effective as that in acetone (so

cither was used).

SIPHONS.

84y ons were harvested from Lliquid eultures by centrifuging (3000rpm for

ALl

1omin.), and from agar plates by gentie scraping with micropipatt

slphons were resuspended in Y9ml fresh medium, The walled siphons lack the
frailty of the naked zoospores, so the more gentle fixations (C-% above)
wore not used, (nor was the unsuccessful Fixation ). Only fixations A,
B, and ¥ were tried, of which A and B were the most successful, although
equally se. Fixation times of 2, 4, &, 12, 24, and 36 hours were tested,

of which only 24 and 36 hours were adequate.

All wiphens were solidified in agar blocks (as in zoospore preparation’
and rinsed with 0,14 phosphate buffer pH 7.3, é times at 20min. {futervals
Postfixation ip either 1% or 2% osamium tetroxide for 1, 2, or & hours was
tried, with the best resuits obtained efter 7 hours in 1% asmi

tetvonide. Rinsing again involved & buffev cnanges at 20min, intervais

Dehydration intervals were also of Z0min. duration, os 15smin. dehydrall




No diffevence was observed belween pellets processed with or without agar,

and the ease with v uich subsequent preparation is carrisd out when samples

are in agav sed blocks, strongly supperts the use of agar. (Zoospore
peliets never compact tightly and hove te be repeatedly centrifvged in
order not to lose the sample). The use of water or culture medivm, and
oxold no. % or purified agar, had no effect on the final image. The
phosphate and cacodylate buffers were oqually sfficient, <o the phosphate
buffer was selected bacause {t is cheaper. No observable difference re-
sulting from different postfixation times was evident (so | hour was

used), and dehydration in aleohol was as effective as that in acetone {¥o

wither was used).

SIPHONS,

Siphons wers harvested from liquid cultures by centrifuging (3000rpm for
10min.}, and from agar plates by gentle scraping with micropipettes. All

siplions were resuspended in 9ml fresh medium. The walled siphons lack the

frailry of the naked zoospores, so the more gentle fixatious (C-F above}
were not used, {(nor was the unsuccessful fixation G). Only fixarions A,
B, and F were tried, of which A and § were the most successful, although

equally so. Fixation vtimes of 2, 4, 6, 12, 24, and 36 hours were testsd,

of which only 24 and 36 hours were adeguate

Al siphons were solidified in agar blocks (as in

ospare preparation)
and rinsed with 0.1M phosphate buffer pl 7.3, 6 times ar 20min. intervals.
Postifxation in either 1% or 2% osmium tetroxide for 1, 2, or & hours was
tried, with the best results obtained after 2 hours fn 1% osmium

tetroxide. Rinsing agein involved & huffer cnangss at 20min. intervals.

Bebydration intervals were also of 20min. duration, o< 1Smin. dehydration

25
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hours.

cyed. Reasin infiltration changes were carvied out every 74 hours (with

tods were inadequate, Either an acetone or an alechol series was am-

Manges of pure resin over 48 hours). Polymerisation was at 70°C for 8

CYSTS,

The thick wall that characteri

16 vesistant cells (Lol 1983) makes

ultrastructural studies exceedingly difficult because of poor fixative

penetration and resin infiltration. Attempts to obtain well-preservved

cysts of Srotosiphon fnvolved

foxation with 2.5% or 5% glutaraldehyde for 6, 12, 24, 35, and 48

hours .

e

vinsing in 0.1M phosphate buffer pH 7.3, six times at 30min. inter-

vals, or overnight {preceded and followed by 3 x 20min. changes}.
postfixat,on with 1% or 2% osmium tetroxide for 1, 2, or 4 hours.

bufter riasing, 6 x 30wmin., or overnight (preceded and followed by 3

X 20min. buffer changes).

dehydration in acetone or aleohol ser es av 0.5 or 1 hour intervals.

Spurr's resin changes were made every 12 or 24 hours, with infil-

tration ecenring normally or under a vacuum.



. The rocommended procedurs for cyst preparation is 2.5% glutaraldehyde for

. 48 hours, buffer rinsing overnight, pestfixation in 1% osmium tetroxide

§ 9

B for 2 hours, overnipght buffer rvinsing, dehydration at 1 houv intervals,

vacaum infiltration with resin changes every 24 hours.

2.8.2 SLCTIONING, STAINING, AND VIEWING.

Biocks were sectioned on a Relchert OMUZ ultramicrotome, using glass
krives wede with an LEB knifemaker. Silver ' silver-grey sections were
picked up onto copper grids (400 mesh or 0.25% . wrmvar-coated slot grids).
y Sections were stained for 20-25m'n, in saturated uranyl acetate, tollowed
Py by 10min. in lead citrave (Reynolds 1963). Whole zoospore wounts were
negatively stained with osmic fumes for 40sec. Sections were viewed on a

- JEM 1008 electron microscope at 80V,




3 OOSERVATIONS.

w

BIPHONS,

w

.1 S1PHON SHAPE,

All adult siphons grown on aga: are immediately recognizable by their
sac-like shape which is divided into an upper chlorophyllous region and
a basal non-shlorophyllous rhiznidal region (Fig. 1). Siphons grown in
ligquid infriquently lack this polarity, and the chloroplast extends the
tength of the cell (Figs. 2,3). This may have been caused by stirring
the cultures and so disrupting the normal geo- and phototropic growth of
the siphons - such trophic growth occurring in other algae (Rean 1977;
Jacobs and Olson 1980; Lembi 1980). Siphons grown continmuously in ligquid
medium also tend to form vounded cells which although coenocytic, have a
smaller central vacuole and slighily condensed cyroplasm (Fig. 3). These
sphercidal vegetative cells, which differ from coenocysts in their

unthickenad wall and cytoplasmic vacuolation, were also common in the

liquid cultures of lyengar (1933}, Maher (i%47a), and Thomas (1968).

Nene of the four isolataes ever produce buds/branches frow the upper por-
tion of the siphon, which confirms the conclusion drawn by Maher (1947b)
and by Thomas (1971) that this branching ability is dependent on the

isolate,

28
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Table 3. Sizes of 4 week old siphons from 4 isolates cultured on
Agar.
e,
, PS0LATE MAX, LENGTH AVER.LENGTH | MAX. BREADTH
S
! Cum) (um) (um}
1 1253 1134 143
L
2 1212 1185 165
1106 972 383
3 1195 1007 177
& 1291 1218 132
1150 966 419

1
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3.1.2 SIPHON SIZE.

The size of the adult siphon of the different isolates varies slightly,

but not sufficiently for distinction to be made between the isolates be-
cause of the overlap in size range (Table 3). A similar overlap occurs
in most of the isolates studied by Thomas (1968), but the two studies are
not compavable as he measured the siphons two weeks after inoculation le:
before the cxponential phase of growth was complete. The siplion sizes are

accordingly small, approximately one-third of all other described siphons

(Nayal 1973 Maher 1946; De Silva 1975).

Isolates 2 and & exhibited two very different siphon sizes, 'giants' (max.

‘normals’ (max. 1291 x 132um; Fig. 5). Both cell

L1300 x &i%um; Fig. 4) and
types could develop from an inoculum consisting only of normal cells, with
vhe unusually large cells becoming distinguishable after §-10 days, due
as much to their extensive bright green chloroplasts and oveid shape, as
to their size (Vig. 6). The zoospores produced by an adult giant cell
could develop either into normal cells or into gilant cells, under sim.lar
environmental conditions. Contrel of which cell type would develop after
inpculation could not be esvironmentally effected, despite the jmportance
of culture conditiens on variation in morphology {(Maher 1947a; Thomas
1971}, Dne alternative was that developmental control was genatic, an idea
supported by the faet that giant cells were found initially only in iso-
fave 2, the only isolate in which sygotes ever occurved. It was thevefore
surmised that giant cells were diploids or polypleids, as the greater
chyomosome number of plant polyploids i+ usually veflected in larger cell
size (Hurns 1980). A walor problem with the question of heteroploidy
however, is the presence of the exceptionally large unicells in jsolate

4 wlhich was never seen to reproduce sexually.




Bowever, comparison of glant and normal cell sizes with the dimensions
given by Nayal {1933}, suggests that normal cells are actually Protosiphon
botryaides var, degsertd {Nayal) which ara typically long and slender with
an approximate ratlo of 1-1.5:10 breadth : length. Glant celis fall into
the maximum size reported by Klebs (1896) for Protosiphon botryoides,
which lias an approximate ratio of 1:3 breadth : length. In 21 of 32 iso-
tates, Thomas(1968) describes long slender sacs projecting individually
or in colwens above the algal mass, but he does not include these in the
inolate sizes given, and although ascribing these forms to inczulation
tuchnique, provides inconclusive evidence for this, These 2 growth forms

reguire further study.

3.1.3 SIPHON STRUCTURE.

The descriptions of siphon structure 4t the LM level given by Bold (1933)
and Nayal (1933) are excellent, and no further i{nformation can be added
by the present study. At the EM level however, there are a number of de-
tails appavently omitted by Berkaloff (1967) in her study of the
wltrastructure of the .adult siphon. Ne ultrastructural diffevences were

found betwsen cells of different fsolates,

WALL.

The »iphon is surrounded by a cell wall that increases in thickuness with
age. Walls of siphons 2-3 weoks old vary from 0.2-0.6um in thickness,

though difficulty in such measurements exists due to the fact that the

30




walls slough off layers (Fig. 7}, resulting in a vecy lousely connected
fibritlar layer that way be complitely (Fig. 8) or partially (¥ig. 9)
separated from tha layers below. {ts presence in wany sections makes it
diffitult to determine whether a number of adjacent walls, or only the
most recently formed wall, ls being measured. A gimilar stedding of the
outer wall layers also occurs in Boergesenfa (Mizuta and Wada 1981),
Scenedesmus  (Wellburn et al. 1980, fig. 20 p51), and Enteromorpha
{McAvthur and Moss 1977}, in which this process prevents persistence of
epiphytes. The irregularly lamellated wall is composed of microfibrils
{10nm  diameter) embedded in an amorphous, slightly granular substance
(Figs. 10,11). The microfibrils, which are scattered singly or in ciusters
{Fig. 11}, are randomly arranged throughout the ground substance - as are
the wall cellulose fibrils of members of the <Chlorococcales,
Chaetophorales, and Ulotrichales (Dawes 1966; Dodge 1973). This struc-
tural similarity, together with biochemical evidence demonstrating the
prespace of only cellulose fibrils in Protesiphon's wall (Deason 1983),
make it probable that the microfibrils ween in Protosiphon’s sectioned

wall material, are composed of cellulose.

The wall lamellations result from alternating areas of loosely arvanged
microfibrils with areas of compacted microfibrillar material. During
slonghing, the walls splic between the the stronger, compacted regions
(Fig. 9), and as the upper layers are torn away, the underlying fibrils
become disorganized. The granular substance is no longer apparent (Figs.
8,93, presumably because it is mucilagenous (Mackie and Preston 1974) and

is rapidly dissolved.

Protosiphon’s wall does not resemble that of any member of the Siphonales
which, with the exception of Caulerps (M shra 1969), all have a cuticle
and g granular substructure exhibiting iittle or no layering (Burr and
Wast 1970 Turner and Priedwann 1974, Borowitzhks s Larkom 1977, Columbo

1978; Roth and  Friedmann 1987). It is similar to that of the
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Stplonacladales (Frei and Preston 1961; Hori and Enomoto 1978a, 1978b;

Poarlmitter and Lembi 1980; Mizuta and Wada 1981), frieromorpha (MeArthur

and Moss 1977), and Acrosiphonia (Hudson and Waaland 1974), but the lay-
ering i{s not as cegular as in these Ulvophycean algae, and the matrix is

wore granular. Comparison of Protosiphon's well with members of the

Chlorophyceae is more difficult, as some of the Chlorophycean orders do

not exhihit the structural eohevency that is so pronounced at the ordinal

level within the Ulvophyceae. The walls of Chlcrococcalean algae may
therefore be very vregularly layered with a granular wmatrix as in
Coelastrum {(Morris et al. 1973) and Qocystis (Robinson and Preston 1972),
or amorphous with no layering as in Pectodictyon (Lang et al. 1987). Some
Chlorecoucales have an  outer triitaminar wall layer resesbling a
spovopollenin layer (Marchant 1977, Stachelin and Pickett-Heaps 1973,
Pickett-Heaps 1975), but this may be absent in other genera and species
(Atkinson et a&f. 1972). Despite this variation, frotosiphon’'s wall most
closely resembles the walls of two Chlorococcalean genera, viz.
Tetraedron (Pickett-Heaps 1975, fig. 3.34, p¥3) and Characiosiphon
(Btewart er gl. 1978), and it is also very similar to that of Microspors
(Pickett-Heaps 1975, fig. 4.50, p203). All observations confirm Deason's
raport (1983) of the sbsence of a crystalline lsttice component which
typically occurs in members of the Volvocales (Roberts ef al. 1972; Fulton
1978, Domozych et @l 198la), but which has been found in some genara of

the Chlorococcales (Miller 1978; Deason 1983).

GENERAL ARRANGEMENT OF THE CYTOPLASM.

The internal structure of the siphon is typically coenocytic, with a large
central wvacuole surrounded by o peripheral layer of wultinucleate

protoplasm {Fige. 12,13,15,163. In most sections this layer 1s mnot
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confluent with the wall, 4 situation that is also found in Characiosiphon

{Stewart er af/. 1978) 1o the rhizoldal region the cytoplasmic layer is
extremely thin and ususlly contains only scattered ribosomes and short At

endoplasmic reticulum (ER) fragments (Fig. 17), but progressively towards

the anrial portion of the siphon, more organellaes appeay in the peripheral

cytoplasm. Initially only chloroplast profiles occur (Fig. 18), but as
W

the bhand of cytoplase widens, mitochondria, nuclei, polysomes, and an

extens ive endomembrane svstem become apparent (Figs. 19,20 ). Lenticular

starch grains also appear in the chloroplast at this stage (Fig. 20), but : x
pyrenoids only develsp in the upper third of the siphon. Most other
coenpeytes show a similar apical predesinance of organelles and cytoplasm
(Dawes and Rhamstine 1967; Burr and West 1970, Palandri 1972; Columbo g

- 1978, Stewsrt et al. 1978},

CENTRAL VACUOLE.

In young siphons, 8 number of large central vesicles are separsted by thin
cytoplasmic threads (Figs. 13,14,15,18), which may contain portions of
the reticulate chloroplast (Fig. 13). Thewe vesicles arise by a series
of fusions of smaller vesicles (Figs. 146.15,16), and disrvuption of the
vytoplasmic strands between them results fn the formation of the large
central vacuole typical of the adult siphon. This vacuole is {dentical
to that of Characliosiphon (Stewavt et al. 1978) and Fydrodictyon (Marchant
y and Pickett-Heaps 1971}, but differs from that »f the Siphouales in that
peither an extensive 'vacuome' (terminology of Friedmann and Roth 1977)

nor a granules ground seabstance within the central vacucle, is present,

. The spherical bodiey typical of the Halimedinede (Sabnis 1969; Palandri

« 1972, Turner and Friedmsun 1974, Columbo 1975, Rot. and Friedmann 1987),

ars also absent Frotesiphon's central vacuole 1. also dissimilar to
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those of the Siphonocladales as it lacks the distinct vacuolar layer be-
neath the cell wall (8Scott and Bullock 1976, Hori and Encmoto 1978a,

1978b) .

In mature siphons that have reached the stationary phase of growth, some
of the smaller vesicles appear to develop from the digestion of
membrane-bound osmicphilic spheres (1.0-2.5um) scattered througl the
cytoplasm (Figs. 21, 22). Intarmediate stages of digestion/dissclution
resemble polyphosphate granules (Fig. 23), and stain positively with
methylene blue-H,80, (Fuhs 1973), which suggests thst polyphosphate bodies
are metabolized once phosphorous has become depleted in the culture me-

dinm.

CHLOROPLAST,

The extensive chloroplast is reticulate, anastomosing throughout the ase-
rial portion of the siphon (Fig.16). Its ultrastruciure varies with the
stage in the life cycle, but in the adult siphon it is composed of nu-
marous closely apprem‘sed thylakoids which, for the most part, form
pseudograna. The term 'pseudograna’ was first used by Leabi and Lang
(1965) in deseribing Carteria's chloroplast, but formation of these
grana, which do not possess complete discs as defined by Weler ec al.
(1963}, was elucidated by Wilsenach {1963). The pseudogranal lamellae
ave double membranes formed by the {nvagination and folding of the outer
sirgle membrane of the thylakoid at one end. These foldings can become
wost intricate and inverdigitace with those of other thylakoids, resuit-
ing in the lamellae of the pseudograna being variously arranged (Figs.

24,25y, The pseudograna are connected by intergranal thylakoids which
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traverse the finely granular chloroplast matrix singly or is pairs - an

arrangement characteristic of the Chlorophyta (Gibbs 1970).

Plastid structure within the green algae {s remarkably uniform, with only
the Halimedinede displaying both heteroplasty and concentric lamellar
structures (Hillis-Colinvaux 1984). Protosiphon’s chloroplast is remark~
able only in its extensive reticulation, a feature shaved with
Hydrodictyon alone (Bold and Wynne 1983), as all other coenvcytic algae
possess numerous small plastids or peripheral plastids with reduced
reticulation (Chlorococcales - Stewart et «&l. 1978, Sphaeroplealus -
Cacfres and Robiunzon 1980, Siphonales - Dawes 1969; Burr and West 1970;
Borowitzra axd warkum 1977; Turner and Friedmann 1974, Colombo 1978, Roth
and Friedmann 1987; Moestrup and Hoffmsn 1973; Siphonocladales - McDonald

and Plckett-Heaps 1976, Hori and Enomoto 1978a,1978b).

CHLOROPLAST INCLUSIONS,

The chloroplast contains a variable number of plastoglobuli and starch
grains (Figs. 24,25,26), and from eight to twenty pyrencids are also found

in the chloroplast of each mature siphon.

Protosiphon’s pyrenoid is typically Chlorophycean (Dodge 1973) in that
it is internal within the chloroplast and has & densely granular matrix
surrounded by a starch shesth (Figs. 26,27). lt is polypyramidal with
numerous intrapyrenoidal lamellae, more numerous than for most other
green aigal pyrenoids of this type, with the exceptions of Chlorococcun
polymarphum (Brown and McLean 1969, fig. &, plis,, Carteria sp. (Lembi

and Lang 1965, fig. 5, pbe7), Closterivm liisnrale and Zygnens
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sp. (Pickett-Heaps 1975, fig. 6.70 p394, and fig. 6.41 p 379) ~ all of
which belong to the Chlorophyceae. Though members of the Acrosiphoniales,
vin, Yrospora  sp. (Berger-terrot and Thomas 1982), Urospora
penicilliformis (Hori and Ueda 1975), Arrosiphonia {Hudson and Waaland
1974) and Spongomorpha {Hori ard Ueda 1967), have many inclusions in the
pyrenoid matrix, these are branched tubnlar scructures quite mlike the
unbranchad convoluted lamellae of Protosiphon, which closely resemble
distended chloroplast thylaskoids. All other Ulvophycean pyvenoids are
ralatively simple, with few intrapyrencidal lawellae (Hori and Ueda

19,5).

The pyrenoid thylakoids extend from the chloroplast, between the starch
grains, and into the pyrenoid matrix. Pads of chloroplast stroma and
thylakoids, {rom which pyrenoidal thylakoids arfse, often appear beneath
the stavch sheath (Figs, 26,30,31,32,33). In Ulothrix albicans thylakoids
do occur beneath the w.arch grains (Lokhorst and Star 1980), but these
are single thin thylskolds which do not extend into the matrix. The only
other reported casa of subsheath thylakeids is during starch production
in  Scenedesmus quadricaudsa  (Bisalputra and Weler 1964), whers the
chloropiast lamellae extend across and beneath the starch yrains in order
t separate them from the pyrenoid watrix. These chloroplast lamellao
never extend beneath the sheath unless at least one starch grain of the
new sheath has been formed internal to the existing sheath. This is not
the case in Protosiphon, where the subsheath thylakoid pads occur when
the sheath encircles the matrix without any inwardly projecting grains.
Protosiphon's pyrenoid therefore appears to be quite distinctive, but the
dissimilarity between Scenedesmus and Protosiphon may simply be due to
the fact that dcenedesmus has no  intrapyrenoidal lamellae whereas
Protosiphon does, and this difference js reflected during ste b synthe-
sis. The process of starch synthesis in Protosiphon  appears similar to
that described by deld (1931) for Chlorococcum infusionum, Bisalpurra and

Wojor (1964) for Scenedessns quadricanda, ¥lovanta (1979) for
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Monoraph idtum  ge . Fithid, apd Griffiths ('970). The pyrenoid starch
sheatl is fissured and discontinuous, and composed of large starch grains
(1.4 x 4. 7um in cross-section). Lenticular grains occur around the
pyrencid an concentric layers, having been separated sfter formation at
the pyrerosid, by intrusion of the chlocoplast lamellae. Btages in this
rentyipetal separacion are evidencad by connections between stasch grains

in adjacent layers {Figs. 16,26).

The  tutrvapyrenoidal lamellas appear in most sections, to consist of a
single thyiskoid, but in some cases consist of 2 appressed thylakoids
whisse central lamella does not run parallel to the 2 outer layers, but
undulates (Fig. 28). A similar sinuosity occurs in the bithylaksid
pyvenoid lamellae of Chlamydomonas moewusii (Gibbs 1962) and Tetracystis
isobilateralfs {Brown and Bold 1964), Once the thylakoids enter the
pyrencid satrix they become expandged up to 5 times their normal diameter
(Fig.29), and although it is possible that tangential sectioning of 2
thylakotds may result in a pyrencid with apparently very distended single
thylakoids, this ‘rtrapyrensidal lamellar expansioc also occurs in other

Chlorophycean pyrenoids (Gibbs 1962; Griffiths 1970).

Thers is howover, one feature of Protosiphon’s pyrenoid that is distinc-
tive, berring no resemblance to any published micrographs. In the centre
of each pyrenoid, the convoluted thylakoids agg gate forming a layer
around a pyrencid core. This core {8 composed of a granular matrix, finer
than the chlorvoplast stroma, which becomes increasingly osmiophilic or
draser towards the centre (Figs. 32,33). In the middle i{s an electron
tvans bucent sphere which may be either hollow or composed of starch
(though this is pure sveculation, and studles on pyrencid functioning may
pvovide some information about the asture of this core). This structure
1w definitely in the centre of the pyrenoid (and not a section through
an irregulariy shaped pyrenoid with an interiesly projecting starch

graiud, as a numbe  of these 'bull's-eys’ pyrenoids were seen; the




pyrenoids never have interiorly projesting starch grains; their shape
always circular or slightly ovoid, znd 'bull's-eye' pyrenoids consist-
ently have the greatest diameter (3um across the widest point of the

proteinaceous matrix).

NUZLEUS AND ENDOMEMBRANE SYSTEM.

The interphase nucle  are spheroidal to ellipsoidal (1 7 » 1.7um -
1.6 x 2.6um), and are perforated hy nuclear pores £0np in disweter (Vigs
34,37). A granular nucleolus occupies the centre of each nucleus, and in
some cases has a lightly staining, finely granular pertion (Fig. 343, 4
feature typifying the macrosegregated nucleoli of certain siphonous gro
algae (Roth and Friedmann 1980). Heterochromatin may be scattered through
the nucleus, but is more common as condensed aggregates along areas of
the inner nuclesr membrane (Figs. 33, 37). The outer rembrane of the
nuelear envelope is frequently studded with ribosomes, and in some

sections is seen to be continuous with long RER cisternae (Figs. 33,36).

Eh cisternal lengths or:cur throughout the adult siphon, frequently lining
the plasmalemma (Figs. 16,19} as in the coenocytic Sphseroples (Caceres
and Robinson 1980), but never forming the continuous 'pammuml' ER of
Pectodiciyen (Lang et al. 1987). & dictyosome of % sternat {5 HSKO-
ciated with each nucleus, numerous small vesicles being found betusen the
mir lear membrane and the forming face of the dictyosome (Figs. 135,38).
Nucleus-Golgl associations are common in mewbers of the Chlorococcales
(Moner  and Chapman 1940, Bisalputra ad Weler 1964, Criffiths and
Griffiths 1969, Morris er af 1973; Marchant  and Pickett-MHeaps 1971
Marchant Yw7ha, 1977) and have been reported in 1 genus of the

Siphonoctadales (Hori and Enomoto 1978bk). The ER-Golpi assccrations that
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Laracter JE a1l members of (Sabnis 1969; Rurr
Powesy strup and $97%; Borowitzka and Larkum 1977),
e cur in of Chlorophyesan algas : Sphaeroples (CacBres and
fnnen D9B0Y, Chlovoceccs es (Brown and Bold 1964 Deason 1985}, and
all the Volvocaies we Tor example Goodenou 19 Pickert-Heaps 19
5 srcella and Walne 19503 There is therefore little s mic value in
‘ vigin of the dict 4} winternge at the olass level, aithough some
cvdery {eg nlvocales Giphonales) exhibit romarkable consisvency
among  their members - so perhaps this feature way be of value at the
ardinal level A% is the case in wall wltrastructure however, the
Chiorococeales display marked variation in their dictyosomal origins,
which again demonstrates the heterogeneity of this order,
o,
MICHOBODIES AND MITOCHONDRIA,
@

viorobody associstions ars commen in A aumber of green algae

ilverberg 1973, Roth and Friedmann 1980) but do

Aot occur in iithough microbodies are present. These are

genorally vound, though slightly elongate forms which tend towards a
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falls into the average size range given by Silverberg (1975). The

matrix is fiwely granular, of moderate electron opacity, and contains no

crystalline pr aucleoid inciuasions.

crabediss are consistently found in close association with the
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dare chargcteristic of all members of the Siphonales (sabnis 1969, Rurr
and Wost 1970; Moostrup and Hoffman 1973, Borowitzka and Larkum 1977),
also occur in a variety of Chlorophycean algae : Sphaeroplea (Cacfres and
Rohinson 1980}); Chlorococcales (Brown and Bold 1964, Deason 1963), and
all the Volvocales ({see for example Goodenough 1970; Pickett-Heaps 1975
Porcella and Walne 1980). There is therefsre little taxonomic value in
the origin of the dictyosomal cisternae at the class level, although some
orders (eg: Volvecales and Sirhonales) exhibit romarkable consistency
among their members - so perhaps this feature may be of value at the
ordinal level. As is the case in wa!l ultrastructure however, the
Chlorococcales display marked variation in their dictyosomal origins,

which again demonstrates the heterogeneity of this order,

MICROBODIES AND MITOCHONDRIA,

Nucleus-microbody associations are common in a number of green algae
(Stewart of a). 1972; Silverberg 1975; Roth and Friedmann 1980) but do
not occur in Frotosiphon although wicrobodies are present. There are
generally round. though slightly elongate forms which tend towards a
dumboil-shape, are also found (Figs. 16,38,39). The small size of
Protosiphon's microbodies (min. diameter = 0.2um) is matched only by
Dictyosphaerium wulchellum {Silverberg 1973}, though the maximum length
(0.8um) falls into the average size range given by Silverberg (1975). The
watrix is finely granular, of moderate electron opacity, and contains no

crystalline or nuclecid inclusions.

The microbodies are consistently found in close association with the
chloroplast and mitochordria. This proximity may be physiologically nec-

essary, as in higher plants Hororespiration entsl's the transfer ot

39




X

4
e [
¢
w
%
N

e

glycolite from the chlovoplast ro .. e microbody where it is metabolised
into glycine, This is then conve ted into serine by a mitockondrial
onzyme, and the sevine or re-entering the microbody, is converted into
glycerate (Frederich et a/. 1975). In green algae, several species are
koown to nroduce glycolate and to possess a functional glycelate pathway
(Merrett and Lovd 1973), but tl is no consensus that the enzymes of
this pathway are housed in the microbody, and variation in the type of
glycolate~oxidizing enzyme present in different green algae has contrib-

uwted to this controversy (Nelson and Tolbert 1970).

frotosiphon's wicrobodies are nsually found in conjunction with ER (Figs.
38,393, which supports the curvent theory that the ER plays an ontogenetic

role in microbody development (Vigil 18970 Frederich er ai. 1975).

Alvhough some algae have only 1 microbody per cell (eg: Klebsormidium,
Floyd et al. 19723, Silverberg (1973) describes a number of algse with
multiple microbodies, f{ncluding Protosiphon. The present study corrob-
orvates this, but the 1:10 ratie of microbodies to mitochondria that
Siiverberg (1975) obtained from the number of profiles par cell section,
far exceeds the numbers observed here, Although growth conditions, cul-
ture medium, and stage of development affect the abunvance and prominence
of microbodies In Euglena (Graves et al. 1971), Silverbarg (1975) main-
tains that only the enryme composition and activity of microbodies are
affected by these {actors. These factors could not therefore account for
the disparity in number of profiles in Silverberg's (1975) study and the
present one. ln any case, environmental cooditions of the two studies were

the same, and all life-histovy stages were examined in the present fn-

vestigation, with the Lighest profile ratio (1:23) being observed in ve-

greening coenocysts.

In any section numerous mitochondrial profites are present, varying in

shape from circular to dumbell to elongate (Figs. 16,38,39,40) The av-




wrage width cavie. frem 0.37-0.%um.  Although veticulation does vecur in
Protosiphon ' witochondria (Fig. 40), it is impossible to determin: the

number of sitechondria present withir a siphon without serial se tioning,

15 some senllular algae have a single branched mitochondrion (eg:
Chlorelle fusca, Atkinsoa et i, 1974), others have 3 different kinds
af mitochandria during all life cycle stages (eg: FPolytoma papillatunm,
Gatfal and  Schnefder 1980), while in others wany small compact
witochondria grow, vamify, amd intervfuse during growch (Chlorocoeccum

fr frndonam, Chida and Ueda  1988).

3.2 CYSTS.

3.2.1 TECHNICAL PROBLEMS RELATED TO COENOCYST
OBSER\ (IONS,

A major ditficulty in attempting to describe vesting cell ultrastructure
is caused by the condensaticn and compaction of the cell contents, re-
sulting in indistinct mesbranes and organelles (Fowke and Plckett-Hoaps
1971 Cavalier-8mith 1976 Sicko-sosd 1986). This obscurity of detail is

avidfent in Protesiphon's smaller cysts (section 3.2.3) but not in the

larger coenncysts (section 3.2.4).

Woen  sectioned  and  viewed, wmainre coenocysts  coatained  structucas
undesaribed in the Tterature (sectivn 3.2.4). In arder to determine (he
origin md frormation of these struciures, an attempt was made to obtain
a developmental sequance of coenocyst maturs.aon. s5ut 4 second technical

diffieulty was encountered © the uupredictability o€ cyst development
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Fven in a clonal culture some cysts matured (changed colour) weeks before
others, so a study of progressive development was not practical, This lack
of temporal organization also foiled an attempled davelopmental study on
Avetabularia cysts by Woodcock and Miller (1973}, Onze the cysts have
hecome orange they all appear similar at the UM levael, and yet some ure
no longer viable while others, from the same culture vessel, are main-
taining thelr state of suspended animavion and will germinate if placed
fn fresh medium. This weans that it is impossible to predict whether the
cyst soctionad for TEM is viable or not. Gaff et al.{1976) wmaintain that
Ioss of nuclesr integrity is synonymous wivh loss of viability, so in this
study of Protosiphon, only cysts with double-membiane-bound nuclei are

deseribed.

The * v ieal problems related to sltrastructural studies oun resistant
celt reflected in the paucity of publications on the subject.
Comparisoas made betwesn Protcsiphon’s cysts and those of other algae,

do not therelore necessarily indicate taxonomic affinities.

3.2.2 CYST PRODUCTION.

Cysts ocour {n both modified BBMS and  3ified Porock liguid and plate
cultures, 5 weeks after inoculation, but it tak 3 st least 9 weeks heforo
all cells encyst. Cells in liguid culture change colour o' L slower rate
than those on agar, frequently remaining green for over 4 ponths despite
possessing a thickened well and exceedingly dense cytoplasm (Fig. 41).
Al cvats on solid media are dul) orange - bright red afrer 12 weeks,
{rve pective of the isclate. Cyst production in BBY-N is more rapid thaa
fu Nerontaaning media (fivst cysts appear after 3.9 weeks), but encystment

within tlture seilt extends over | month, Thomas (1908) slso describes
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wiine temporal variation in the development of both cysts and secondary

carotenoids.

o1 observations on cyst formation confirm those of Bold (1933}, Nayal

9333, and Thomas (1968). Cysts develop

by coadensation of the entire protoplast Lo form g single coenocyst

(Figs. 41,423,

by progressive cleavage of the cytoplasm into a number of walled
portious (Figs. 42,43). Cleavage is initially centripetal but the
resultant fragments are often bipavtitionsd equally or unegually, at

9L” to the inftial furrew (Fig. 43).

Qo

sionally the contents of a wiphon condense to form a aumber of
spatially sepavated cysts, {(Fip. 44), with the intervening residual
cytoplasm being non-functional and eventually disintegrating (Flg.
A

when zoospores unable to escape from the lumen of the siphon, settle
with.a the parent wall and subsequently encyst (Figs. 46,471, So the
centripatal furrowing and whe cyst formation are temporally sepdrac d
by a period of metilivy, These cysts ars therefore bhypnosporss {tev-
minslogy of Coleman 1983), and they differ from ceenocysts in

wltrastructurs and in slze - as the Light paciing of the newly setiled

zoospores preveats expansion, resultipg in oyt not much bigger than

soospares (Figs. 47,48},
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3.2.3 HYPNOSPORES,

The use of the term 'hypnosps is validated not only by LM obsarvation,

but also by two ultrastructural devails ¢

1. the size of the encysted cells is slighuly smailer than that of the
zoospores, with hypnospores befng 4.6 x 5.5um on average, compared
to 7 x 3um in the motile stoges. The decrease In size reflects the
rounding wp of the spindle-shaped scospores, as well as the dehy-

dration and aense packaging of the cell contents.

2 all hypnospores contaln a single aucleus - o5 do newly-settled

OSPUTOS .

In contrast, coenocysts dre large (averags 20 x 23um) and meltinucleste,

being formed by clesvage of the multinucleate cytoplasm of adult siphons.

ULTRASTRUCTURE OF THE HYPNOSPORES.

The contents of the mature hypnosporas are so compacted that it is ex-
tremely difficult to positively identify any orgsneiles other than the
tucleus and the cocassional mitochondrial profile (Figs. #9,50). Younger
typnaspores with less dense contmnts contain a few vesicles and some
membranons tubules, but the cytoplaswm is already very granular (Fig, 493,
Hature hypaospores do no' contaln vesicles or tubules, and the roughly
syherical nucleus evident {n earlier sisges bovomes irregularsy lobed

(Fig. 50), this nuclear lobing being common in rosting cells {(Gomes of

al. 1974 Wolf and Cox J981; Santus and Mesquita 1984) . No Golgl apparatns

Lb
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or recognizable chloroplasts are ever seen in hypnospores of Protosiphon

ar  Chilamydomonas reinhardif (Cavalier-Smith 1976}, although reduced

chloroplasts do oceur in the cysts of Sotryococrus braunii (W °f and Cox

1981) and the hypnozygotes of Chlamydomornas woewusis (Brown at a/. 1968).

A peripheral layer of uniform lipocarotenoia globules (0.25um diam.) de-
velops. Its position presumably relates to the ability of carotenoids W’*‘*ﬂ,\m‘
to  absorb visible light, and so protect the viable organelles against
photosensitized oxidation {Goodwin 1920). In older hypnospores, lacger
globules (0,6 = 1.7um) also occur within the cell (Fig. 50), but neither
peri al nor intraceliular droplets appear to be memoréne bound, Al-

- though the sceumulation of storage products in resistant cells is standard E
{Coleman 1983), only the zygotes of Closterium ehroaborgii wexhibit a

o cimilar 1ipid globule orientation (Jeda ef al. 198%) - though this simi-
larivy is less likely to demonstrate a Protosiphon - Closterium link, than
o reflect the dearth of information related to resistant cell

ultrastruecture.

Thaughk mare elaborate than the coenocyst wsll (section 3.2.4), the

hypnospore wall has a constant structure. It has five well-delined layers,
but  because the outermost layer cannot be dustingnished In younger
hypnospores it i3 possible that this layer i{s formed by disintegration

ot the underlying layer, as many hypnospores and hypnozygotes do have an

outer layer that dissolves {nte the surrounding wedium (Cavalier Suith B
- ~ 1976, Coleman 1983 Noguchi ani Ueda 1985), Youuger hypnospore walls also
“ lack the characteristic spines of mature cyst walls (compare Fig. &9 and

Feg 50).

e The atermost wall layer s thin and electron-tyansparanc, though the
Loundary §8 occassionally speckied by extra-cellular deposits (Fig.

" 51,

A%



o the adjacent layer is hounded by a compacted zone of wall material

which is composed of fine fibrils. These fibrils are ¢learest in the
basal areas of the spines, vhere the second °v~° s most expanded
(Fig. 51). Spine position often reflects corrugations of the 3 inner
will zones and the plasmalomma. This layer is analogous to the

alveolate layer of Chlamydomonas zygotes (Cavalier-Smith 1976},

o the thivd layer of the hypnor-ore wall is composed of a4 tri-lsminar

sheath (TLE) (Figs. 51,32), which is sometimes doubled, and
cccassionally folded back over ftself to form small 'cushions' (Fig.
52). The TLS of Spongiochloris akinetes exhibits similar conforma-

tions {McLean 1968).

© beneath the third wall layer {s the most electron dense portion of
the wall, a ngrrow stvip (50nm) of sxtremely fine granular matarial

(Figs. 51,52

© the fifeh wall layer, adjacent to the plasmalemma, is a second TLE
(Figs. 51,52). This TLS, like those of the cyst walls of Polytoms
agilis (Brown er al. 1976) and Botryococcus braunii {(Wolf aad Cox
19813, 1is never doubled or convoluted - and is very difficult to sea
in sections in which the plasmalemma i still confluent with the wall
(Fig. 51).

The hypnospore wall of Protosiphen is vemarkably similar to the sygote

wall of Chlamydomonas 1oinhard (1 (Cavalier-8mith 1976), differing fo only

three aspecis.

1 the relative sizes of the third, fourth, and fifth wall layers {(max.

difference only a matter of 256m).
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2. the abzenco of s pale grey, homogeneous layer next to the plasmalemma
in Protesiphon, althougb this layer was not present in Chlgmydomonas

aygotes matured in ligquid culture.

3. presence of hypnospore spines.

Spine formation in Frotesiphon differs from that in Chlamydomeonas
moewusii zygotes (Brown et al. 1968) snd Polytomells agilis cysts (Brown
et al. 1976) In that only the alveclste wail layer is invelved in
Protosiphon, wheyreas all wall layevs excopting that adjscent to the

plasmalemma, are components of the spines in the other two species.

3.2.4 COENOCYSTS.

SIZE AND SHAPE.

Adult siphons consist of an inflated chlorephyllous re .un which tapers
down to a relatively narrow rhizeoidal regior. Transverse leavage across
the siphon's length results in a number of larger coenocysts being
produced apically, while those found in the rhizvidal region ace rela-
tively smaller. %o although the majovity of the cysts fall within thae
range of 13 x 2lum - 29 x 33um, cysts ax smairl as 9 x 6um, and as large
as 56 x «2um, are encountered. Thoese sizes concur with the averages given
by Nayal (1933) and Thomas (1060., alihough the maximum cyst size of
60um reported by Thomas (1968 was never seen Coenouyst shape varies

from roughly spherical to elongate ovoid

AN
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ULTRASTRUCTURE.

WALLS.

Coencoyst walls vary in thackness from 1-18um, though generally they range
Prom J-fum, with the thickest walls still enclosiug cytoplasm {le: pene~-
trated by fixative), beicg 10um. Each wall is constituted by & variable

nissber of Jamellations (Figs. 53,56,56), as in the cysts of Ch7ampdonyxa

werntang  (Pearimucter and Timpano 1988), the ocospores of Bulbochaete

Filoensis (Plekett-Heaps 19703, ard the cents ] zones of aygote walls of

Spirogypcs verrucdlosa (Ogawa L1982) ner wall lay

are composed of

material that is compacted at the s of each layer to give a banding

similar to, but more pronounced than, the adult siphon wall

53). Older wall layers become increasingly dicrupted and expanded

nfld'y, and mie there.ove less

faptly described by Birkaioff (1967) as
electyon dense, fraquently . adusting into loosely arvanged {ibrillay
material that dissolves nto th. surrounding medium (Figs 34,535, The
wature zygote walls of Closterivm ehrenbergil posscss sintlarly layeced
wolls cith increasing density towards the plasmalemma (Noguehi and Ueda
1UES) Thase zygote walls also resemble some of Profosiphon’s thicker
cuoencevet walls in that the enter layer is firmly bound (Fig.56). Tv is
sossible that these walls are thicker because they are not continually
dissolved away Although the wuternust wall laver mey be wsen, Lo be

composed of fine fibrils (Figs. 33,355), the wall material useally sppears

amorphous, There §s no regulavity in the wall stratification, and plogs

af conveluted material ofren occur beuween the layers of thicker walls

(Figs. 57,58 can and Pessoney (1971) descr ibe similar oxoresconnes

i the akises - walls of Zygrema




PROTOPLASM - GENERAL APPEARANCE.

Berkaloff (1975) described the contents of mature coenocysts as having a
definite crientation, with the chloroplast confined to one side, the
nuclet, mitochondria and Golgi centrally positicned, and the other pole
being filled with the numerous lipocarotenoid globules (LCGs) that give
the coenocysts their orange colour. Neithevr earlier work (Berfaloff 1967}
nor the present study confirm this rigid orientation. Some coenocyst
cross-sections prescnt cells that could be roughly divided into a LCG-
and nucleus-containing region, and a chloroplast- and lipid-containing
regaion (Fig. 39), but such micrographs display too great a variability

to sapport the description of such en inflexible organelle positioning.

No such orientation is ever seen in longitudinally sectioned cells (Fag.
603, which show o regularity in the positioning of the compacted
chloroplast portions , nuclei, lipid droplets, or LCGs. Varying degrees
of plasmolysis may occur, which reflect a natural state of dehydration
and not an artefact, as in many coenocysts the plasmalemma lines the cyst
wall (Figs. 59,72). When shrinkage of cell contents has resuited in
plasmolysis, vesicles and membranous fragments are found in the inter-

vening space betweon the wall and the

rell membrane (Figs.60,65).

CYTOPLASMIC VESICLES.

One of the most striking features of coencuyst ultrastructure is the
amount of vesiculation that occurs in the coarsely granular cytoplasm.

Many of the vesicles contain recognizable storame/waste products sl as

LCGs  (Figs. 61,65,67,68) or vetals (Figs. 62,66,9%.70), while others
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contain .emnants of organelles or membranous fragments (Figs. 63,64),
Avtophagic-like vacuoles with inclusions resembling multivesicular bodies

are also present (¥Fig. 84).

There is a tendency for the vesicles to aggregate, forming clusters with
slightly angular tonoplasts due to the mutual cowmpression (Figs. 63,64).
Some of the vacuoles fuse with the plasmalemma while others apprear to have
been esxocytosed (Fig.~ 65). This vesiculation, also described in
Frotosiphon by Berkaloff (1975), {s common in old or encysted cells (Brown
et 41, 1968, Bibby and Dodge 1972; Woodcock and Miller 1973; Gomez et al.
1974, Wolf and Cox 1981, Ogawa 1982; Santos and Mesquita 1984; Sicko-Goad
198¢) and means that the isclated substances can be degraded by autolysis
and subsequently rezycled in the metabolic pool for re-utilization (Swift

and Hruban 1964).

NUCLE! AND ASSOCIATED ORGAMFLLLS

As coenocysts la:k the protoplasmic compaction chargcteristic of the
hypnospores, the nucle‘i are not compressed and lobed, but resemble those
of the vegetative siphon, with 8 size range from (1.6 x 1.75um) -~ 1.9 x
2.3um - (1.5 x 3.2um), and a double membraned envelope that is pored (Fig.
66). A central nucleclus is usually present and in many cases has a lighter
core (Figs. 66,67). Varying amounts of scatiered heterochromatin occur,
some of which condense as peripheral aggregates on the inner envelope
membrane (Figs. 67,68}, though not to the extent cobserved in siphon
nuclei. A few ribosomes are attached to the cuter nuclear membrane, but
an extensive nucleus-associasted RER is absent, with only short RER frag-
ments visible in the vicinity of the nuclei and scattered through the

cytoplasm (Figs. 66,69,70). The ER that lines the plssmalemms of adult
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siphens persists during c formation, but with reduced cisternal
length, Dictyosomes are st of only 3-5 cisternae, and have
0o conspicuous sacretio cles (de: large vesicles with recognizchle

contents). Such Golgi (Figs. 69,7") are termed 'quiescent' (Mollenhauer
and Morré 1966), and are typical of resting cells (Brown et al. 1968,

McLean 1968; Woodcock and Miller 1973; Wolf and Cox 1981; Coleman 1983).

MITOCHONDRIA AND MICROBODIES.

Mitochondrial profiles are almost all circular, and the elongated shapes
of the siphonous stage are seldom present. The partially swollen cristae
that occur in some mitochondrial sectiens (Fig. 7'}, may be related to

loss of coenocyst ability to germinate (Woodcock and Miller 1973).

The ideutification of microbodies in coenveysts is difficult because of
he numercus degenerating organelle fragments which have hecome very
granular after losing their internal membranes. The microbodies that do
occur (Figs. 70,71,72) are wmost frequently found adjacent to
ligocaratenoid deposits, which implies that they function as glyoxysomes.
These organelles are also found in association with lipid deposits in
ageing cells of Fuglena (Gomez et al. 1974), resting cells of Botryococcus
(Wolf and Cox 1981), zygotes of Closterium (Veda et al. 1985), and were

raported by Berkaloff (1975) in Protosiphon.
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CHLOROPLAST.

The reticulations of the adult siphon’'s chloroplast are lost, and in
younger coe.ocysts the chloroplast consists of compacted thylakoid masses
containing starch, lipid, ard plasteglobuli (Figs. 59,60,61). The
chluroplast no longer occupies the peripheral position evident in the
siphon, and many cytoplasmic inclusions and ovcganelles may be found be-
tween the chloroplast masses and the plasmalesma (Figs. 60,70,72).
Pyrenoids are occassionally present in younger coenocysts, but the sur-
rounding starch sheath disappears,and the pyrenoid matrix with its con-
voluted intrapyrenoidal thylakoids becomes indistinguishable from the
rest of the condensed chloroplest As a result, no pyrenoids are sver seen
in mature coenocyits, an observation also made by Berkaloff (1975). In
the mature coenocysts, the condensed chlorop.ast may remain for some time,
but gradually the intergranal thylakoids disanpear (Fig. 73) and the
pseudograna  are pinched off to form indepe.dent units surrounded by a
double membrane (Figs. 70,72,74,75). Similar individual granal pachets
are present in the zygotes of Chlemydomonas mcowusii (Brow. et al. 1968),
in resting cells of Rotryococcus (Wolf and Cox 1981}, in senascent cells
of Coslastrum (Chan 1978), and in the akinetes of Zygnema {Mclean and
Pessoney (1971). Whatley (1978) describes chloroplast senescense in
higher plants as involving loss of stromal thylak~{ds ard persistence of
grona, and Drawert and Mix (1961) demonstrated a relationship between
individual pseudogranal formation and metabolic disorder (induced by an-

tibiotics) in Micrasterias. 8o it is likely that the chloroplasts of the

abuve five species of resting cells are degenerating. In Protosi; bus. some
portions of the chloroplast appea. to undergo senescance even before the
pseudograna become separated (¥ gs. 76,77,78). The thylakoids, partic-
ulavly those of the intergransl regions, become swollen and nereasingly

convoluted, giving the chloroplast a somewhat rococo appeararce (Fig.

78,. Ageing chloroplasts of Euglena granulata {Palisano and Walne 1972}




contain unravelled thylakoid structures almost identical to that in fig-
ure 77, Slightly Jdistended thylakoids also twirl within the chloroplast
of  Chlamydomonas wygotes (Brown et al. 1968), and a more regular,
quasi-crystalline, lamellar lattice of unravelled and swollon thylakoids

i forms in old cells of Zygnema (McLeon and Pessoney 1970).

Intraplastidial starch grains do occur, but with increasing rarity due
to chloroplast fragmentation. The number of cylopiosmic starch grains
therefore increases, these storage grains initially being asrociated with

some thylakoid remwan.s whicn Y.ter disappear (Figs. 69,70,71,72). The e

increase in starch content is a common phenomenon {n resistant cells,
occurring for example, in Acetabularis cysts (Woodcock and Miller 1973),
Chlamydomonas moewusili zygotes (Brown et al. 1968), Spongiochloris cysts
e (Mclean 1968), Chlorella cysts (Guarin-Dumartract et al. 1970), Zygnema
akinetes (MclLean snd Pessoney 1971), and in Chiamydomonas reinhardii
zygotes, where the chioropast consists simply of strands of envelope

connecting the numercus starch grains (Cavalier-Smith 1976).

Similarly, large accumulstions of lipid are characteristic of resistant
cells (Coleman 1983), and in Protosiphon the lipid {& complexed with the .
carotenoid pigments (Klein’g and Caygan 1969; Berkaloff 1977 Berkaloff
(.967, 1975) maintains that the carotenoid-containing lipofdal substances
oceur mainly as free globules in the ¢t toplasm (LCGs), lacking membranous

boundaries and appearing diffuse, with only the occassional irregular

profile present usually in contact with a chloroplast envelope. In the
presenc study, these sphorical electron-dense bodies of variable size are
present in all coenocysts, bat they often appea: to be membrane-bound
(Figs. 61,65,67,68,72). They are also associated with one of the most
intriguing features of coenccysts, which was never reported by Berkaloff
1967, 1975, 1977; Berkaloff and Jupin 1974). Adjacent to the coenocynt
wiall in virtually all coenoceysts, the frregular inocarotennid material

J is arranged in long, roughly parallel strings, often with a 'beaded’ ap-
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pearanca {Figs. 60,61,71,72,75,76). These linear arvays, which can have
up to 10 constituent layers, are never centrally positioned in the
coanncysts. The sausage-like structures along a single strand aie joined
by thin electron-dense lines thit vesemble the half-unit membrane of
spherogsomes (Yatsu and Jacks 1972). The continuity of the hemimembrane,
evident in rare sections, and the vhorled appearance of many arvays, re-

vaal the concentric arrangement of these 'sausage' strings (Figs. 72,76).

The formation of these structures is an unvesolved problem, though con-
sidaration of the theovies concerning secondary carotenoid formation in
Haematococcus, can provide a possible answer. The exiraplastidial
astaxanthin that accumulates with age in cells of Haematococcus is be-

lieved to be formed

1. de novo from an exogenous carbohydrate source (Donkin 1976)

2. in associatijon with the ER (Lang 1968; Santos and Mesquita 1984).
This is based on the observation of presumed astaxanthin within ER
cisternae, but production of carotenoid globules from the ER is as-
sumed. Howevar, support for this theory may be found in pollen wall
development of Famis (Zavada 1983). Tubular ER profiles filled with
dark material develop in vapetal cells when aciu phosphatase leveis
dare highest - and it is believed that this enzyme plays & vole in
esterification of isopentenyl pyrophosphate, & precursor molecule

involvaed  in avoltenoid symthesis,

3. e ke Golgd body (Galil ot al. 1966),

4. from the products of lipophanerosis of the chioroplasts (Sprey 1970).

In Protosiphon's coenocysts the lipocarotenoids are never seen inside,

or associated with, ER- or Golpi cisternae, and although the production

o
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of spherical globules from these sources seoms Ceasible, {t is difficilt
to conceive how the reduced quantities of ER present in cosnocysts, or
the jnactive and infrequent dictyosomes of the resting cells, could
produce L. extensive concentric strands. However, some micrographs in-
dicate that Sprey's theory of carotenold production (1970) warrants fur-
ther consideration. 'Strings' of lipocarotencids which are st heavily
boadod, are foun around chioroplast fragments and starch grains, and ft
is often difficult to distinguish betweon the hemimembrane on which the
lipocarotenoid occurs, and the envelope of the chloroplast or the starch
grain (Figs. 61,6%,69,70,71,72,76). Carotene aggregations develop on the
thylakoid membranes of some higher plant chromorlasts (Harris and Spur:
1969), but In some coenccysts the hemimembrane appears in fact, to be the
outar amembrane of the chleroplast envelope. The material constituting the
chloroplast may be being broken down and deposited around the chloroplast
remnant (whether thylakoidal or starch in naturs), and as each encircling
hemimenbrane accumulates sufficient material, it either expands away from
the chloroplast rvemnant's inner membrane, or the chloroplast remnant
shrinks, Formation of successive layers would result in the contentric

configurations that are evident in some micrographs. This process would

also explain :

© the disappearance of the thylakoids around the starch grains reliased

by chloroplast fragmentatioa.

© the posftioning of the lipocarotenoid sheats adjacent to the cell
wall. In siphons, from which the coenouysts form, the reticulate
chloroplast lines the cell wall. Lipopurasvosis of the larger
chloroplast portions present in the coenocysts, would result f{n
multilayered Yipocarotenoids in  the position of the former
chlovoplast. The smaller, irvregular, electron-dense patches that oc-
cur centrally, are formed arounu the smaller chloroplast remnants

that occur in this portion of both the cosnocysts and of the original
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siphon, The cytoplasmic packing may be desser centvally (atter loss
of the contral vacuole), and not pevmit the formati 1 of nwnerous
concentric layers. These non-linvar irvegular patches do not appear
to be assochated with a half-unit membrane (Figs. 65,69), but as
Yatsu and Jacks (1972) pointed out, the lipoidal nonpolar surface of
any half-unit membrane is in contact w'th the internal storage Tipid,

and since both oil and membrane are osmiophilic, a distinct delimiting

membrane is difficult to discern after osminm Letroxide postiixraiion.
o the presence of traces of chlorophyll and of galactolipids in the
lipucarotenoids of Protosiphon (Berkaloff 1977), two substances which

are only found within the chloroplasts of other algae.

The spherical, membrane-bound globules may be formed eivher by buddiag-
aff frow denser regions of the concentric layeis, ar by final condensation
of the last remnants of a chloroplast fragment {suggested by theiv central
pusition within a lipocarotenoid boundary) - though it scems improbable
that these tvo mechanisms could produce the numbers of spherical profiles
sean. Of course both structuves ('rausages' and globules) need not be

produced by the same mechanism.

A possible, but less satisfactory explanation for tue 'sausage'-strand
phenomenon  involves  lipocaroteno:d digestion. Digestion of both
spherosomas (Wanner sod Theimer 1978) and LCGx (Berkaloff 1975) beginsg
centrally and oxtends towards the wdges, creating annular struc.ures with
cytoplasm cent "ally and the remaing of electron-dense lipidic substances

around the periphery (Fig. 61). A similar prog

s of lipocarotenoid di-
gestion may take place in planar sheews in Frotosiphon, where although
the profiles dare not circular they have the same structure. This does not,
however, explain the concentric formation, and also necessitates the

formation of sheats of lipocarotenoids prior to digestion. These were
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aecer ssen, but their existence connot be vefuted until a complete de-

velopmental investigation /s carvied out.

It is important to realise that ip suggesting a lipophaneroic - outer
chloroplast membrane mode of concentric layer formation, no biochemical
analyses were made on the constitent material, so the assumption that
these layers and the LCGs aro composed of the same or similar substances,
is basea purely on thelr ultrastructure. Both have the same electron
density and the same ‘floury' texture, and if layers of material exist
just below & cyst wall, it © 1ld be logical {f they were composed, at
loast partiallv, of carotenoids, given the photoprotective function of

these pigments.

OTHER CHROMOPLAST-LIKE COENOCYSTIC FEATURES.

The process of lipophanerosis has only been studied in higher plants
during the conversion of chloroplasts to chromoplasts (Harcis and Spurr
1969, Whatley 1978). Protosiphon's coenocysts contain a number of other
featurss characteristic of chromoplasts, in addftion to the production
of large amounts of carotenoid pigments, loss of typical thylakoid

sUiuc

wre, and chlorephyll breakdown (Berkaloff 1975), These features are
'

1. one or more thylakoid plexes

2. crystals (probably carotenoid crystals)

3. concentric thylakoid ltameliae. Though not observed in the preaent

study, thay have been described {or Protosiphoa by Berkaloff (19673,

and havo also been seen in other algal cells ‘n which chlorophyll
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concantrations arve declining (Brown and Bold 1964; Walne 1987; Chan

1478).

Thylakoid plexes.

These arise from diserganisation of the intergranal thylakoids and are
composed of {rragulacly branching tubules of intergranal thylakeid origin
(Spurr and Harris 1968). A number of structures answering to this de-
scription are present in @ fow coenocysts, and have also been found in
stationary phase cells of Anabaens (Lang and Rae 1967) and cysts of
Acetabularia wettsteinii (Godward et al. 1979). The thylakold plexes of
Protosiphon  arise {n  the degenerating chlercplasts  between the
pseudograna that are in the process of being isolared (Fig. 79). The
constituent tubules (30nm dlameter) form homey comb-like cells which may
ba four, five, or six sided, though scwe of the tubules have extensions
that encircle isolated pseudograna or starch grains (Figs. 80,81). It is
these elongated tubules that different{ate the plexes from the tubular
roticulum that forms the distal cisterna of many dictyosomes {(Menge snd

Kiermayer 1977).

Although superficislly similar to the prolamellar bodies formed in
mutants of Chlorella (Bryan et al. 1967, Budd ot al. 1969), Chlamydomonas
(Friadberg ot al. 1971), Euglena (Ben-Shaul et al. 1963, Salvador ot o},
1971) and Seenodesmus (Wellburn et 2. 1980}, and in Chara (Pickett-heaps
1975) apd  higher pl.nt proplastids/etioplasts  {Whatley 1878), <he

thylakoid plexes cannot be considered as prolamsllar bodies becauss
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1 they daevelop from the thylakeids in cells in which lamellae al:-ady
P exist (Figs. 79,80,81), and are not derived from perforated lamellar
sheats (Henry 1979).
. 2. they lack the ciystalline regularity of prolamellar bedies and so
y N conform to neither the cublc model (Gunning 1963) nor the hexagonal
modal (Weier and Brown 1970, lkeda and Tovama 1%86) of lattice
structure,
Eq
?
? Crystals.
;
-
',Jy In mature coenocysts, crystallization of the lipocarotenocids occurs
within the spherical globules. As the crystal size and number increases,
- the smount of electron~dense waterial within the mesbrane decreases, but
- ‘ never vanishes completely (Figs. 66,68,69,70). It is therefore possible
e that only part of the lipid-pigment complex is crystallizing out,
. S Carotenoid crystals are usually associated with starch geains during
their formation in  higher plant chromoplasts (Frey-Wyssling and
Schweigler 1965; Muhlethaler 1971}, but occassionally form within
- varicles without a starch association (Ben-8haul and Klein 1963). Crystal
sliape varies but is generally needle-like or of flat platelets which may
‘ ' ; be superimposed to form step-like layers (Ben-Shaul and Klein 1965). These
shapes are visible in some of the membrane-bound bodies fin coenocysts
*," (Figs. 66,69,70). The possibility also exists that the lipid portion of
the lipocarotenoid complex is cvystallizing, as Marcenko (1978) describes
s the formation of crystalline wax bodies in aged Fuglena cells. These
o crystals form when the accumulation of lipid resches saturstion puint,
" and consist of aggregations of plates of varying *blcknesses often found

in asxociation with osmiophilic blobs. An obvious structural similarivy




therelore  ex{sts betwesn these crystalloid bodies and  those of
Protaosiphon, but without histo-hemical studies the crystals cannot be
crclosively {dentiffed. 1f formation vithin & vesicle is of primary im-
portaae s, than they are more likely carotenoid than lipid in nature, as
the wax bodies in Fuglens form fresly within the cytoplasm (Marcenko
1978). Also the presence of small lipid droplets inside some crystal-

containing vesicles (Fig. 82) suggests that it is the carotenoids that

are crystallizing.

A second type of crystal also forms .n mature coenocysts, but it is not
velated to LCGs and is far less frequent than the first type. It too forms
within a membrane, but consists of an aggregation of sleader black spines
which crvstallize out trom a large, highly electron-dense, spherical
vesjcle (0.7 x 0.%um) The druse-iike formation of the crystals (Fig.
625 recalls that of certain calcium oxalate crystals (Franceschi and
Horner 1980) which are also formed within membranes or vacuoles (Frev-
tyssling 1981). Calolium oxalate crystals are found in some s iphonous green
algan {Dawes 1969, Friedmann et al. 1972, Borowitzka et al. 1974), but
calcium oxalate sublimates when subjected to the electron beam after TEM
preparation (Dawes 1969; Friedmann et al. 1972; Borowitzka et al. 1974).
A1l other algal crystalline formations (Barton 1967; Bibby and Dodge 1972,
fakorny and Gold 1973: Pearlmutter and Timpans 1984} are composed of
non-aggrogated electron transluscent crystals. Fraunke (1962) states that
many algae, particularly freshwater algae, will deposit crystallized
caicium, potassium, or phophorous salts temporarily under cervain condi-
tions including nutrient stress and ageing, so it is possible that the

black crystals are composed of one or more of these thres elements.
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3.3 ZOOSPOROGENESIS.

The stages of Protosiphon’s life cycle are notable for their lack of
synchrony within  a  culture (Maher 1947b), and the process of
zovsporogenesis is no exception. Coenocysts of the same age, from the same

culture ve

el, that appear similar under the LM can produce zoospores
up to 10 hours apart, while mature siphons can exhibit 4 hour differences
in  product intervals. 8o once again a complete sequence of

ultrastructural changes proved difficult to obtain,

3.3.1 COENOCYST REGREENING.

Zoospore production by voung coenocysts (5 weeks) and by siphons, is more
rapid than that by orange-red coenccysts, as these cells regreen at least
partially before progressive cleavage - an observation supported by
ultrastructural studies. Bold (1933) found that zoospore production by
red coenocysts was wmost rapid, but in all zoosporogenic experiments in
this study, red coenocyst production of motile cells lagged by 1.5 - 6.5
hours behind green cells of the same isolate, under the same conditions.
Production of gametes from old coenocysts is also slower than that from
younger cells (Maber 1947b). The wajor ultrastructural changes that occur

during coenocyst regreening prior to zoosporogenesis invelve

t. wmetabolism of carotenvid globules and irregular carotencid deposits,

a proces

5 cutlined above and described in detail by Beikaloff (1975).
The membrane-bound lipocarotenoids are also digested, leaving numer-

ous residual vesicles (Fig. 83).
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synthesis of chloroplast membranes. The isclated pseudugrana of ma-
ture coenocysts become linked by newly formed intergranal thylakoids
and by a connecting chloroplast envelope (Fig. 84). The developing
thylakoid systems which are generally associated with one or more
starch grains, frequently exhibit a triangular arrangement with the
enclosed area containing 4 number of tubular structures (Fig. 85).
Smaller numbers of these tubules a .so occur in slightly older, but
still immature, plastid portions (Fig. 8)}. Tubular elements, circu-
lar in cross-section and of a similar magnitude to those in
Protesiphon, have been observed during plastid development in several
green elgae, eg: Volvox and Chara (Pickett -Heaps 1968), COedogonium
(Hoffman 1967), Ulva {(loviie and Briten 1970), and Closterium
(Pickett-Heaps and Fowke 1970). These tubules are believed to play a
role in chloroplast movement during growth or division (Muhlethaler
i971}, or perhaps to have some other structural or even chemical

function (Moestrup and Hoffman 1973).

reconstitution of the pyrenoids (Fig. 84). It could not be ascertained
whether these arose de nove or from pyrenoidal remnants, although both
production mechanisms may occur within a species (Ueda 1963; Hoffman

1968, Archibald et 4l. 1970).

proliferation of the endomembrane system (Figs. 83,87 ,88). The number
of dictyosomes increases, with two dictyosomes often occupying oppo~
site sides of a nucleus, or occassionslly occurring in the same
extranuclear area (Figs. 87,89), A number of dictyosomal replication
pathways exists (Robards 1970), of which two are seen to occur in

Protosiphon's regreening coenocysts :
4. breakage and unfurling of the concentrically arranged membranes
of ring structures, to form mature Golgi bodies (Fig. 88). The

initial step of this procesu, where rings compesed of a single
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cisterna ave present (Maruyama 1965), is also commonly seen dur-

ing the regreening process (Fig. 83),

b. vertical cledvage through a stack (Fig 89)

This Golgi replication would appedar to be associeted with the incip-
ient zoosporogenesis, and not only with coenocyst regreening, as each
zoospore has to contain a dictyosome adjacent to the nucleus, and many
woenocyst miclel lack this association {section 3.2.4). Larg~ quan-
tities of short tulular fragments, either Go ji- or SER-derived, ac-
cumulate in coenocyst cytoplasm (Fig. 83}, but this membranous
proliferation is confined to the regreening process and does not occur

during zoosporogenesis in adult siphons.

Tt is importaut to realize that much of the increased Golgi quantity and
activity described during 2zoosporogenesis in some gresn algae, eg:
Tetracystis {(Brown and Bold 1964), Carteris (Domozych 1987), and
Klebsormidium (Marchant et al. 1973), is involved in production of wall
material for the walled zoospores. This is not the case in Protosiphon
which has wall-less zoospores, and in which Golgi quantity and activity
increases in regreening coenocysts alone, in order that they contain nu-
cleus : dictyosome ratios similar to those of the mature siphons, prior

to zoosporogenesis.

3.3.2 ZOOSPORE PRODUCTION.

Bold {1933) adequavely described the process of zoosporogenesis at the
1M level (Fig. 100), so the following observitions are additional details

derived from EM studies. The mein ultrastructural dev~lopments associated
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with zoospore nroduction by siphons and cysts of Protosiphon are as fol-

lows .

1. as in Dedogonjum (Pickett-Heaps 1971a), incipient zoosporogenesis is
signalled by the appearance of centrioins. In Protosiphon, these are
pafred 2ni form in a concave or {lattened area of the nucleus, Ini-
tially voughly 90° from the dictyosome (Fig. 91}, but then organslle
migration occurs so that the two centrioles lie opposite the Golgi
apparatus at approximately 180° (Fig. 92), the position they occupy
in the zovspore. A similar sentricle rotation occurs in Klebsormfdium
fiaceidum (Marchant ot #J. 1973). Bold (1933) identified centriole
formation during zoosporogenesis, and Berkaloff (1967) has described
a nucleus-associated centriole palir in a voung siphon, but it impos~
sible to determine from the micrograph or the methods section whether
this siphon is undergoing zovsporogenesis or noc. In the present
study, no centrioles were ever seen in siphons or coenocysts that had
not been induced to form motile cells. The absence of centrioles from
parts of the life cycle is a well documented puenomarnon (Cavalier-
Smith 1974; Pickett-Heaps 1971b; Hori and Enomoto 1978b), but as most
electron microscopists are aware, it is often easier to find a par-
ticular structure than to state with certainty that it does not occur,

so it is possible that centrioles ave present in vegetative stages.

2. the pyrenoids’ starch sheaths are lost, and with the subseguent
chloroplast constriction and splitting that is necessary in order to
provide each zoospore with  photosynthetic  apparstus,  the
intrapyrencidal thylakeids become indistinguishable (Fig. 90). A
similar loss of pyrenoidal integrity has also been reported during
zoosporogenssis in Hydrodictyen (Marchant and Pickett-Heaps 1971) and
Tetracystis (Brown and Bold 1964) , and gamer .genesis in Bryopsis

{Burt and West 1970). although pyrenoids remain intact during

28




zoosporogenesis in  Chargciosiphon  (Stewart et &l. 1978) and

autosporogenesis in Pseudochlorococcum {(Archibald et af. 1970).

the cleavage furrows that divide the multinucleate cytoplasm into
uninucleats porticns, constitute the cytokineiic apparatus of
Protosipbon. The miv. {¢ stages that precede cytokinesis were
never seen, one of the mast disappointing and {rritating results of
this stage, considering the evolutionary and taxonomic significance
of mitotic features. Ne perinuclear ER envelope was ever sectioned,
tut migration of the centriolar complex to the internuclear
equatorial cytopla,a apparently occurs, as centriole pairs av be
opposed across cleavage furrows (Fig. 94). The origin of the furrows
is obscure, these often appearing first a5 an alongated two-membraned
structure near the centre of the dividing cell (Figs. 93,95,96.97),
as in the coccoid green algae Kirchneriella and Teiraedron (Pickett-
Heaps 1970,1973) and the coenocytic Kydrodictyon (Pickett-Heaps
1¢75). The furiows must arise by invagination of the plasmalemma, as
nofther ER- nor Golgi-derived vesicles appear to contribute to
furrow-membrane formation in adult siphons, as they do in so many
othe' green algae (Wanka 1968, Desason and Darden 1971; Dodge 1973;
Wilson et a/. 1973, Chen and Wong 1973, Pickett-Heaps 1975, Marchanu
1977; Deoason and O'Kelley 1979; Domozych 1987; Lang et al. 1987) ex-
cluding the Acrosiphoniales (Hudson and Waaland 1974; Lokhorst and
Star 1983), Bryopsis {Burr and West 1970), Cladophora (Scott and
Bullock 1976,, lictyosphaeria (Hori and Enomoto 19785} an’ Derbesia
(Wheeler and Fage 1974). In all these coenocytic forms, septum for-
mation is by progressive vacuolation accomplished by ingrowing,
ramifying, intrusions of the bounding membrane (although figures 1§
and .{ pl557 of Scott end Bullock 1976, appesr to cupport $luimen's
theory {1984} of ER-membran: biogenesis). Due to contraction and
shrinhage, Protesiphon cells urdergoing zocsporogenesis no  longer

possess the central vacuole typical of siphonous coenccytes, so if
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cleavage furrows Jdo arise by memorancus iuvaginaion, this process
carn only proessd centripetally and not csntrifugally from the
tonoplast as wel'. The occassional pressoce of RER adjacent to a de-
veloping furyow (Figs. 94,96) does not necessarily imply invelvement
in this process, but serves as an indication of the position of RER
in mature zoospores - underlying the plasmalemma. A number of other
algae also have non-participating RER beside the cleavage furrows,
for sxample, Stephanosphaera {(Dowozych 1982), Chlamydoworas (Triemer
and Brown 1974}, Larteris {(Dowozych 19873}, and Chlorococcum (Desson
1965). The pussibility of ER- or Goigi-derived veslcls participatioen
in furrow formation in coenocysts, cannot be entirvely dismissed, as
it is not certain whether the membrancus proliferation that begins
during vegreening is entirely divorced from cleavage processes. Di-
rect parivicipation of the mewbranous fragments in furrow formation

was however never saen.

One of the most jmportant features of the dividing septa is the
presence of microtubules along the edges of the developing furrows.
These wicrotubules are geserally transversely sligned (le: rusning
paralle} to the fissure), althoug, a scattering of cross-sectioned
microtubules is present (Figs. 94,95). Thiz cleavage furtow-

microtubule association conforms to the dafinition of a phycoplast

given by Lokhorst and Star (1983). In some cases it is possible that
presumptive phycoplast microtubules are actually the cyroskelatal
microtubules ~f the zoospores. Howsver, Pickett-Heaps (1973) con-
siders wsimilar wicrotubule-furrow arrangements in Kydrodictyon, to
copstitute a phycoplast (compare Picketi-Heaps 1975, fig. 3.95 pl3i;
with fig. 94), even though 1t fs not as extensive or ag well-developed
a5 that in many other Chlorococcales (compave vickett-Heaps 1975

fig. 3.10 pi7, fig. 3.28 p B7; with the phycoplasts of Protosiphon

and dydrodictyon).
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The furrows are frequently filled with membranous oddments,
cytoplasm, and even lipocarotenoids (Figs. 93,95,96), & situation
analagous te that in fydrodictyon (Pickett-Heaps 1975), Bryopsis

(Burr and West 1970), and Urospora (Lokhorst and Star 1981).

Contractile vacuoles develop during cleavage, although eyespots only be-
come  svident in freelye-moving zoospores. Once uninucleste cytoplasmic
portions have been cleaved, flagella appear between the zcospores which
remain tighcly packed for some time. They then begin to separate, until
inaividual zoospores can be seen swimming within the parental cell wall
(Figs. 98,99). Abnormal zoospores are commop and result from incompiete
cleuvage in the pnsterior region (Fig. 101). This is a frequent
malformation during zoosporogenesis in the siphonous Dictyosphaeria (Hori
and En.moto 1978b), which suggests that the problem may result from the
difficulties invelved in cleaving the large amounts of multinucleate
cyteplasm of coenocytes. 1t is also possible that the abnormal i ospores
in Protosiphon are formed in cells tha: have begun to cleave at the end
of the dark period, but that are interrupted by the onset of the light
hours, as light inhibits cytoplasmic cleavage in pavent cells (Stewart

and O'Kelley 1986).

Zootpores are releasad via an undifferentiated pore that develops in the
thinnest wall region of the parent wall (Fig. 9%). Dissolution of the pore
wall region must begin during zoosporogenesis, as in Hypdrodictyon
{Marchant and Pickett-Heaps 1971), but pore position is variable, and the
swall .ize of the opening results in zoospore release baing a continual
process and not an explosive one. The zoospores of Characiosiphon (Stewart
et gl. 1978) are reieased in much the same way. Both f’rotvsx‘phwn's and
Kiebsormidium's zoosporas (Marchant et al. 1973) leave the parent cell
chioroplast-end first, presumably so that the flagella can assist in the
escape by beating (Fig. 102a-d). The empty walls of parent cells ara a

common feature of cultures undergoing mcosporogenesis (Fig. 103), while
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zuaspores unable to penetrate the parent cell wall round up inside the

parent and form hypnospores {(section 3.2.3).

3.4 ZOOSPORES.

3.4.1 S1ZE AND SHAPE.

The contortions of posspores squeezing through pores in parent cell walls,
suggest a high degres of morphological plasticity. This {s confirmed by
absgrvatians of freely-swloming soospores, which display constantly
changing shapes from spherical to elongate spindle-shaped to comms-shaped
to oveld (Fig. 104). This elasvicity is due to the fact .- the muri'»
cells are naked, being lisited only by a plasmalemma. The versatility in
shape-change poses & problem when measuriug woosporns, a difficulty en-
hanced by the production of different sized zocspores from differsnt sized
parent cells - a feature also noted by Bold (1933) {u Protosiphon and
Birbeck et al. (1975) ‘in Schigomeris. The range in zoospora sige is,
therefore, wide (4.0 x I .7um) - 6.3 x 2.8um - (9.1 x 3.2um), but samilar
to that reported by Nayal (1933). The mintmum leoagth of 3w given by Bold
(1933} and the maximum lenpth of ium described by both 8old (1933) and
Thomas (1968) were not measured in the present study. The distinction nade
by Nayal (1933) between elongate cellr ('facultative gametes') and
rounded cells ( ‘roosporss ') does not concur wich obsevvations wade by Bold
(1933) or the present study. Bold (1933) could not distinguish between
zoospores and gamates prior to fusion, and (n this study neither nlongate
nor rounded cells could ever be induced to fuse. It (s possible that all

motile cells are fucnltatvive gametes and Nayasl could only distinguish them
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zeonpnres unable to penetrate the parent cell wall ca fnedde the

pavent and {orm hypnospores {section 3.2.73)

3.4 ZOOSPORES,

3.4.1 SIZE AND SHAPE.

The contortions of soospores squeezing through pores in parent cell wails,
wuggest a hign degree of morphologicel plasticivy. This {s confirmed by
chaervations of freely-swimsing soosporss, which display constantly
hanging skapes from spherical ve elongate spindle-shaped to comma-shaped

to avold (Fig. 1083, This elast ty ic due Lo the fact that the motile

cells are naled, baing limited only by & plasmalerma. The versat.lity in
shape-change posas a problem when wmeasuring zcospores, a4 difficulty en-
hanced by the produccion of difrerent siswd zonspores from different sized
parent  cells - a feature alwo noted by Hold (1933) in Frotosiphon and

Bivheck et af. {1974 in Schssomeris. The range 1 zoospore size  is,

therefore, wide (4.0 x 1. 7um) 6.0 x 2 Bum - (9.1 w 3.2um), but similar
to that reporved by Nayal {1933 ae minimum Jength of 3um given by Bold
(1927) and the maximum length ot um described by both Peld (1933) and
Thomas (1968) were not measures in the present study, The distinetion wade
by aval (1933) betwsen elongsts ceils  ('facultative gametes') and
rounded cells {zoospores') does no' cossur with obssrvations sade by Bold
(1933} or the present study. Bold {1933} could not distinguish between
zoospores and gametes prior to fusion, ind in this study nelther elongata
et rounded cells could ever be induced to fuse. it {s possible thar all

motite ¢ 11s ave facultative gamstes and Nayal could only distinguish them
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Figure 2. The general wmorphelogy of the zoospore of Protosiphon
botryoides. Flagella are {nserted at 90° to the illustrated longitudinal
plane. Below them are the two contractile vacuoles, the nucleus, Golgi
and central vesicles, and the cup-shaped chloroplast with the anteriorly
positioned eyespot. Two microbodies (shaded black), lie at the basa of
the nucleus. The mitochondrial and ER profiles have not been included in

the interests of accuracy. (Scale = 0.5um).




as 'zoospores’ once they became qulescent a1 rounded up witt ut haviag

i fused.

Many of the shaps changes are velated to swimming movements, as the

flagallar positions of zoospores of the same shape are frequently similar.

For example, spindle-shaped zoospores with a pronounced 'neck' have
flagella raised away from the body and trailing posteriorly, like two i

.
ponytails, - the effoctive power stroke; less elongate zoospores with only

a slight apical extension generally have flagella curved backwnrds like

a pair of brackets enclosing, but not touching, the body - the end of the

b ’ prowar stroke; ovold zoospores have flagella that lie flush along the

plasmalemna and thon cuvva outwards beyond the end of the zoospore - the
beginning of the return stroke Surprisingly. flagella were never seen
to extend directly in front of the zoospore, and the prerequisite basal |
rf body vositioning st 99°-110° (Ringo 1967) was never apparent in any

§~, A micrograph.

3.4.2 ULTRASTRUCTURE.

A . The following ultrastructuvsi descriptions are composite ones based on

over 300 micrographs of all isolates (no distinction could be made botween
. the zoospores of different isolates). 5o aithough details of organelle
Ed - distribution are as aceurate as possible, changes in zoospore zhape must
alter the internal organisation, at least slightly, causing minor dis~
crepancies between generalived descriptions and indiviauasl micrographs.
oo The tack of serial sections was also sorely felt during attempts to re-

P construct the thres-dimensional appearance of the zoospores. A simplified

reconstruction illustrating general morpholcgy has been drawn (Text fig.

> 23,
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3.4.2.1 GENERAL MORPHDLOGY

CONTRACTILE VACUOLES,

With the exception of the male gametes of Dichotomosiphon {Moestrup and

Hoffman 1975) and the Charsies (Pickett-Heaps 1975), the motile cells of

all freshwater algae always contain ons or wore contractile vacuocles e . i

(Moestrup 19.5), so the presence of two of these organelles just below

the flagellar insertion in Protosiphon’s zoospores is not surprising
(Figs. 106-110). When fully distended, the vacuoles (1.1 x 0.7um) are

dalimited by the plasmalemma and a thin lay.  of cytoplasm, which are

gradually eroded until the vacuole bursts to release its contents (Fig.

106a-c). There is no apparent synchrony in vacuole contraction, as onae

zoonpore may contain 8 distended vacuole adjacent to a newly forming one i ; ¥

(Fig. 108) but. Prowosiphon lacks the rigid altevastion in vacuolar

contraction coxhibited by Hydrodictyvor zoospores {(Marchant and Pickevt-

Heaps 1972).

The vacuoles form by tusion of vesicles of various sizes (Figs.
107,109,110). These vesicles are nelther coatod vasicles as in some other

algal contractile vacuole formation (Cplindrecapsa (Hoffman 1976); or

Chlamydonanas (Weiss 1983), for example), nor are they directly de.ived

from the Golgi as no vesicles are ever seen to migrate anteriorly past

the nucleus. The contractile vacuoles wsually contain swmall oddments of

cellular matverial derived from

1. vesicles filled with this waste, which fs released irty the vacucle

W lumen when vesicle and vacuole fuse (Figs. 110,111},
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2. multiple vesicle fusions during which the intervening cytoplasmic
portions ave pinched off inte the resultant vacuole (Figs.

106¢,107,109).,

Although the two contractile vacuoles are dynamic, ‘heir position is

constant, and is probably maintained by a framework composed of

1. the four microtubular roots (Figs. 107,109).

2. cytoskeletal microtubules which underlie the plasmalemma (Fig. 107)

3. the nucleus

NUCLEUS AND ENDOMEMBRANE SYSTEM.

The nucleus is roughly spherical though tending to have squared-off cor-
ners in section. Two anterior projections, from diagonally opposed cor-
ners of the nucleus, curve up arcund the contractile vacuoles, extenaing
along the pathways of the I-microtubular voots of the cell {(Text fig. 2,
Fig. 112). Nuclear projections towards the basal bodies are frequently
seen in the motile cells of freshwater algae, for example, #ydrodictyon
(Maychanty and  Pickert-Heaps 1972), Golenkinia (Moestrup 1972y,
Dic otomosiphon (Moestrup and Boffwan 1975), Characliosiphon (Stewart et
al. 1978), Friedmannia (Melkonian and Berns 1983), and Atractomorpha

(Hoifman 1984).

Two nuclear hollows support the bases of the contractile vacuoles (Text

fig. 2; Fig. 106b), and are separated by a low ridge that dips centrally,

“
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resulting in a concave profile in BLS (F.gs. 113,1i8). Glaneing
sections through the nucleus confirm the presence of the median ridge and

the two hollows (Fig., 114},

Although nuclear shape differs from that in other vegetative stages,
structurally it is the same. A nucleolus and peripheral chromatin aggre-
gates are always present. The outer nuclear envelope may have attached
ribosomes, while nuclear pores do occur but more rarely than in siphon
or coenacyst nuclai (Figs. 113,115). The structural coutinuity belwesen

different life history stages is also reflected in

1. the presence of a Golgi apparatus belov the nucleus, where once again
the outer nuclear envelope and the Golgi forming face are closely
associated (Figs. 112,113,116,118). Some zoospores have two
dictyosomes (Fig. 117), wnich may have arisen ty cleavage of one long
sinuous cisternal stask (Fig, 118). The position of the Golgi below
the nucleus is constant in all Chloroptygcean and Ulvophycean
freshwater motile unicells having fixed organelle positioning (ie:
excluding certain species of Chilorosarcinopsis -Melkonian 1977,1978),
namely Dichotomosiphon (Moestrup and Hoffmar 1975), Characiochloris
(Lee 1974}, all Sphaeroplealas (Hoffman 1984; Buchheim and Hoffman
1986), Characifosipbon (Stewart et al. 1978), Desmotetra (Deason and
Floyd 1987), Sorastrum {Marchant 1974a), Uronema belkae (Floyd et al.
1980y, Fritschie/la (Melkonian 1975), and Draparnsldia (Bakker and
Lokhorst 1984). In all motile marine cells possessing a Golgi body,
the dictyosomes are stacked between the nucleus and the basal bodies,

for example, Enteromorpha (Evans and Chrirtie 1970), Gayralia (Hoops

? BLS - the plane of section passes longitudinally through the basal
bodies, in the plane of the flagellar beat. TLS - the plane of sec

tion is at right angles to the plane of flagellar insertien.

i
|
|
|
{
{
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et ul. 1982), Entocladia (0'Kelly and Floyd 1983), Bryopsis (Burr and
West 1970), Ulothrix zongtas {(Sluiman et al. 1980), Urospora
{(Kristiansen 1974), Chaeromorpha (Bakker and Lokhcerst 1985), and
Monostroma (0'Kelly et 4l. 1984). This remarkably rigid division in
ultrastruccure must be related to Gelgi fusctioning in different en-
vironments, or the absence of contractile vacuoles in marine cells
(where the Golgi presumably functions in thhi, stead). The only ex-
ceptions, Microthsmnion (Watson and Arnott 1973) and Friedmannia
(Melkonian and Berns 1983), belong to the Pleurastrophyceae which
exhibit an intriguing mixture of features related to both present
freshwater ecology and to their marine ecological origins (Mattoa and

Stewart 1984)

I

extensive peripheral RER that lines the plasmalemma koth anteriorly
and posteriorly (Figs. 109,116,119,130). Peripneral ER is a common
feature of motile cells from a variety of algal orders including the
“lvales (Evans 1d  Christie 1970, (McArthur and Moss 1977)
Ulotrichales {Sluiman et al. 1980), Chlorococcales (Moestrup [972;
Msrchant 1976a; Stewart et a/. 1978), Chaetophorales (Melkonian
1975), and Siphonales (Roberts et af. 1981). The widespread occur-
rence of this cellular feature means that it is of little valve in

delimiting groups of algae.

The zoospores generally contain a number of vesicles iilled, presumably,
with waste material. These vesicles are clustered centrally, which sug-
gests a dictyosomal origin (Figs. 112,116,120}, Vesicles are also found
amongst the chloroplast lobes in the posterior porticn of the cell, an
area often filled by large lipid or lipocarotencid deposits which tear
and smudge easily during sectioning (Figs. 116,121}, Birbeck et al. (1574)
and Melkonian (1973) also encountered this problem when sectioning
zoospores  produced by old  vegetative cells. In  addition to

lipocarotenoids, vesicles may contain crystals (found previously in
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voesnosyst  cytoplasm), irregular electron-dense wastes, or osmiophilic

granvles reminiscent of eyespot globules (Figs. 120,121,122,123). It is

untikely however, that these droplets ave associated fn any way with the
eyespot, because they are extrachloroplastic and also occur in mals
gametes of Sphasropl  which lack eyespots (see Buchheim and Hoffman 1986
fig. 4, pl78). Postoerior aggregations of vesicles are common in both male

gametes awd zoospores (Evans and Christie 1970; Marchant and Pickett~

Heaps 1972 Moestrup 1972, Marchart ez al. 1973, Watson and Arnott 1973,
Molkonian 1975, 1978; Hori and Enomoto 1978b; Floyd et al. 1980; Herth
et al. 1981; O'Kelly and Floyd 1983; Roberts et &, 1984, Bakker and
Lokhorst 1985; Greuel and Floyd 1985), and are probably an indication of
the Ligh metabolic 1. es ef these active cells. They are fraquently vis-
ible at the LM levei in Protes 'phon, as hysline droplets at the distal

ends of the zoospores (Fig. 104).

CHLOROPLAST, EYESPOT AND PYRENOID,

The mass of the chloroplast is loces in the posterier region of the
zoospore, but ft is longitudinally lobed and fissured, and is cup-shaped,
so dobe portions extend along the plasmalemms towards the anterifor end
of the cell {(Text fig.2 }. One of the anterior lobes extends to the bage
ot the contractile vacuoles, and it is in this lobe that the eyespot is
ambedded (Figs. 112,121,124), a characteristically Chlorophyeean position
(Melkonfan and Robenew 1984). In structure, the eyespat is also typically

of a singie

Chisrophycean (Dodge 1973). It s uniseriate, being compo.:
layer of hexagonally packed carotenoid globules. These globules (max,
diam. 0, 1um), which fall inte the average size range given by Arnott and
Browr {1967), are closely packed inside the chloropiast envelope (Fig.

124 inset), which is in turn tightly appressed against the plasmalemma,

h



forming a small lateral bulge. Such bulges sre often formed in association
with eyespots {eg: in Fritschiella (Melkonian 1975; and in Uronems belkas
(Floyd et al. 1980). Protosiphen's eyespot lies in the plane of the
flage!lar beat, and {t {x therefore never seen in TLS sections. Tnis
alignment is also found in Chloresarcinopsis (Melkonian and Robenek
1980Y, Tetraselmis {Arnott and Brown 1967), and Microthamnion (Watson
1975y, and according to Watson {(197%) is indicative of a microtubular
root-eyespot association. These associations involve e M-microtubular
root of 4an X-2-X-2 system (for a review see Melkoniin and Robenek [.034),
and in Protosiphon the eyespot does lie in the path of the 4-microtubular

root. No association was ssen though between the structures.

The lobes of the chloroplast also contain stromal starch, infreguent
plastoglobuli, and one central or two peripberal pyrenoids (Figs.
12,11%,125). The assertion made by Moewus (1935) that the presence of
pyrenoids in zoospores depends on the interaction of both genetic and
nutritional factors, was disproved by Maher (1947b), although she too
found that some zoospores had pyrenoids whilst others lecked them, EM has
solved this apparent inequality. Pyrenoids develop de povo within each
zoospore's chloroplast, and until the formation of a circular starsh
sheath is completed, the pyrencids are net distinguishable at the IM
level. The lack of synchrony in zoosp.re production exacerbates the
problem, as primarily released zrospores can form pyrencids before
younger zoospores have even escaped from their parent cell. lodine
staining at this stage would therefore reveal some zoospures with
pyrenoi s and others without. The pyrenoids arise in a manner similar to
that described in Oedogonium's zoosporas (Hoffman 1968), Hulbochaete's
zoospores (Retallack and Butler 19703, and Velvulina steinii (Nozaki ef
al (987 = The initial differentiation of a dense region within the
chloroplast stroma (Fig. 123); the development of intrapyrenocidal
thytakoids{Figs 126,127);, and the progressive productio of 4 starch

shoath (Figs. 138,129}, In both Protosiphen and Oedogonium  (Hof fman

75

%



P9ef), there is an assoolial on of chloroplast microtubules with the de-

veloping pyrencids (Fig. 126}, Some cells contain two pyrenoids, although

this is infrequeni (Fig. 125).

MITOCHONDRION AND MICROBODIES.

The diversity of descriptions of the mitochondrial apperatus of motile

veproduct ive cells reflects the incompleteness of most studies, in that

there is only one absolute mitochondrial configuration based on serial

sectioning - that of Friedmannis zoospores (Melkonian and Berns 1983},

Lack of serial sectioning in the present study also means that no complete .

description of the witechondrion {ia?) can ba given. However, pavallels

in mitochondrial structure and posicion exist between diverse green algal

orders, suggesting that this organelle has little taxonomic value. For .

example, the witochondrial  apparatus  of  the motile cells  of A

Chiorosare inopsis  (Melkonian  1977), Atractomorphs (Hoffwman  1984),

(Melkonian 1%79), and Derbesia {(Roberts ef al. 1981), s vemarkably

similar {n random sections.

Fritschiells {(Melkonian 1975), Entocladia (0'helly and Floyd 19833, Ulve }
In Protasiphon’s zoospores the most extensive mitochoudrial profiles are '
aligned paraliel to the long axis of the cell [Figs. 120,130,130, Al- }
though cecurying between the plasmalemma and chloroplast in the posterior i
portion of the zoospores, most of the mitochendrion is found anteriorly, i
i the more dynamically active half of the cell. Here the witochond: fal
branches extend beyond the nucleus along the C-microtubular root pachway,
to form 4 simple cupping structure arvund the contractile vacuoles (Figs.

191,141). In so doing, Protosiphon's mitochondrion ressmbles that of




tuety, there ds an assoclation of chlosoplast microtubules with the de-
veloping pyrenoids (Fig. 1263, Some calls contain two pyrenoids, although

this {s infroquent (Fig, 127),

MITOCHONDRION AND MICROBODIES,

The diversity of descriptions of the mitochondrial apparatus of motile
reproductive cells veflects the incompleteness of most studies, in that
thera is only one absolute mitochondrial configuration based on serial
sectioning < that of Friedmennia zoospores (Melkcnian and Berns 1983),
Lack of serial sectioning in the presant study also means that no complete
descyiption of the mitochondrion (ia?) can be given. However, parallels
in mitochondrial structure and position exist bstween diverse green algal
orders, suggesting that this organelle has little taxonomic value. For
exdample, the mitochondrial apparatus  of the wotile culls  of

Chlorosarc inops {Melkonian 1977), Atractomorpha {(Hoffman 1984},

Fritschiella (Melkonian 1973), Entociadia (0'Relly and Floyd 1983), Ulva
{Melkonian 1979), and Derbesia (Roberts et al. 1981), is remarkably

similar in random sections.

In Protosiphon's zoospores the most extensive mitochondrial profiles are
aligned parsllel to the leng axis of the cell (Figs. 120,130,131). Al-
theugh sccurying batween the plasmalemma and chloroplast in the posterior
portion of the moospores, most of the witochondrion is found anterijorly,
in the more dynamically active half of the cell. Hers ~he mitochondrial
branches extend beyond the nucleus along the Z-microtubular root pathway,
to fora a simple cupping structure ground the contractile vacuoles (Figs.

131,141 In so doing, l‘ro:r)siphmn‘s mitechondrion reseables that of




Froiedmonnia (Melkonian and Beros 1983), Platydorine (Taylor ac #l. 1985,

il Lo o Tessey degres Acetshularia (Herth et a7, 1981).

One or o small micrebodies lie oselow the nucleus along the adge of the
centrally positioned Golgi body (Figs. 135,121,124,i21). They aro closaly
associated with the mitochondrion aid the nucleus, as is the cgse {n all
miciobody-containing motile cells (ie: Chastosphgeridium  (Mosst p
1974, Bryopsis (Hori 1977), Wlethrix vonatd (Sluiman et al. 1980),
Foivdmannia (Melkonian and Berns 1983), and members of the Sphaeropleales

(

foffman 1984 Buchheim and Hoffman 19867 .

3.4.2.2 FLAGELLAR STRUCTURE,

thir two isckont flagella are apically insevted in a small pyramidal mound
above the contractile vacuoles. The flageila extend beyond the zoospore

body, being 1,52 times the zoospore length (usually 1lum).

FLAGELLAR TiP.

Peotosiphon's Flagella are acronematic (terminology of Deflandra 1934),

and powsess a Zestranded hairpoiny (Figs. 132,133). In rare sectiong

throngh flagelliar tips, the hairpoint fs sren to have g length of |

VLN
which is typival of the Chiovophyceae, Ulvophycean hnirpoints measuring
e (Melkonian 1984). Altbough negativelyvstaived preparations wers of
Littie value {n determining hairpoint lengil aue to cell shrinkage, they

\ .

it serve to indicate that the Tlagellar tip and sha®r surfaces are naked
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iy, 133), this being the usual appearance of Chlorophycean flagella
Monstray 1982Y, with the noe.oable exception of Chlampdomonas  (Ringo
tyn?y. The A-tubules extend further up the tip thap do the B-tubules, and
the cartral wmicrotubule cap is eviden. as a dense area at the very tip

o8 the flageliuom. The flagellar mateix is cleaver than in the flagellar

shaft (Fig. 132).

FLAGELLAR SHAFT.

his is one of the most unvarying components of the fiagellar apparatus
(sen Moestrup 1982). In cross-section, the typical 9+2 axoneme structure
is apparent, with dynein ares linking A and B tubules of adjacent doublets
{Fig. 138a). The delicate a, B and ¥ extensions fiom the central
wicrotubule pair (CMP) ave clearly evident in all sections (Fig. 138a).
The yvadial spokes and secondary {ibres extending from the A tubules can
sceassionally be seen {n cross-sections, though they avs alwiays visible
in longitudinal seetions, resulting o the characteristically mottled
watrix of the flagellar shaft (Fig. 134), These radial spokes and their
extongions to the CHF ;zm froquently paired, with each paly lying auv the

sawe angle co the CMP (Fig. 134). No B-tubule sepcations oceur, although

this is not necessarily a Chlorophycean fudication lelkonian (1984) and
O'Relly and Floyd (1983) having rejected B-tubnle ceptation as a purely

Ulvophycean characteristic.)
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TRANSITION REGION,

A stellate structure is present in the icansition reglon but the V-shaped
Iilaments extending from the central lub to the A-tubules are not always

as clearly defined as they are in many other green algae (Moastrup 1982)

Instead they tend to be C-shaped with only g small spine extending from
the convex curve of each '€’ to wach A-tubule Fig. 138b). This rather
unustal sppeavance corralates with longitudinally sectioned stellate re-
gions which exhibit a central "hub' with two distinct lines (the tips and
the curve of aach 'C') and then a very faint region betwean the outer dark
line and the A-tubules (the '.upino,ﬁ') (Figs. 135,136). Hections having
continuity between the innermost line and the A-tubules (Fig., 137) are
glancing sections along the curve of the 'C'. It {s possible though, that
the crudity of Protosiphon's stellate pattern is due to inadequately

prepared materfal,

A well-defined transverse septum is attached to the distal part of the
stellate region, in the manner of Chlorophycean slgae (Melkonian 1984
It lacks a central dilation, and although some wmedfan longituding
sections suggest that it s lightly sirtaved (Fig. 136), a fortunaie
cross-saction through the septum revesls only a voughly granular «

structure (Fig, 138c). The septum divides the transition region into two
components, with the distal : proximal length ratio being 2:1. Theo s

consistent with the 'Chlorophyceae’ septum type of Meikonian (19843, as

is the extension of the septum to the flagellar membrane (Fig., 17
fength of the transivion veglon is 100am, but this alone ecannot he on-
sidered a useful quantitative character wtic, hecause of the largs osount

of ovarlap in size ranges of different algal groupings (see

45

19843,
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Figure 3, A reconstructios of the flagellar apparatus of the zoospores
of Protosiphon botrycides. BB - basal body, DSF - distal striated fibre;
PXF - proximal fibre; PXS - proximal sheath; RZ - two stranded microtu-
bular root; R4 - four stranded microtubular root; SMAC - striated

microtubule associated component. (Scale = 0.lum),
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BASAL BODIES AND ASSOCIATED STRUCTURES.

The two basal bodies of Protasiphon's zoospores exhibit clockwise rota-
tion  with 180° rotatjonal s-mmetry, and do not overlap (Figs.
139, 1%, 142}, The basal bodies are displacet by two-thirds of the width
of one basal body, so that when viewed from the zoospore's anterior end,
only the left one~third of basal body t and the right one-third of basal
body Z are tn the same plane. The two-stranded micr~tubular roots extend
into the ares of basal body displacement, while X-stranded roots are
resteicted to the right and left sides of basa. bodies 1 and 2 respec-
tive.y (Figs. 139,140,142). There are no accessory basal bodies, and
tneminagl caps ore not apparent. (Text figure 3; and see appendix 3 -

<

ants on flagellar terminology).

The {nternal structure of the basal bodies resembles that of most other
green algae {(Mowstrup 1982; Melkonian 1984), displaying both triplet and
cartwheel patterns (Figs. 12Bd,138e,135,137,141). Tangentia: sections at
the juriction of transition and hasal body regions (Fig. 138d) reveal the

presence of the transitionsl) fibres described by Cavalier-Smith (1874).

The .asal bodies are counccted along their anterior surfaces by a broad
distal fibre that is characteristically striated with tha suriation pat-
tern resembling that of Chlorosarcinopsis (Melkenian 1978) most closely
(Fig. 43}, It has a central strucrure composed of a4 wide dense band
sut.tended on each side by a narrow line. Paired striations occur on each
side af this central structure, with the inrer liae of each pair often
being darker than its associated striation (Figs.  136,143). The fine
filaments thay copstitute the distal fibre, run along its length perpen-
dicylar to the striastion bends {Figs. 163,144,14%). The distal {ibre
appears, in median Jongitudinal sections, to attach to each basal body

4t two peints one in che region of the C-tubule appearance, the other
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at the proximal end of the cartwheel formation (Figs. 136, 143,146). There
are no published descriptions of a distsl fibre with four attachment
points, although Chlorosercinopsis (Melkonian 1978, fig. 13 p271) is
rather similar, although tangentially sectioned. But Melkoni.n {1978)
states that the 1istal fibre is attached to only the C-tubales of two
triplets in each basal body, these attachments being in the sime basal
body cross-section (Fig. 50, p277). One possibility is that there is only
one direct connection between the distal fibre and each basal body, this
being the distal connection at the C-tubule origin. The proximal con-
nection would be indirect, and tormed by the ends of the microtubu. .r
roots and the associated electron dense matevial, as suggested by Fig.
45, This however, presupi. that each 2-stranded microtubular root
approaches the inner face of = »asal body and attaches to the anterior
surface of thar basal body, 1n order that the correct angle between distal
fibre and inner 'foot' is cbtained. Cross-sections of such an arrangement
would therefore reveal THREE wicrotubular roots per section. This is the

case in Derbesia (Roberts et a&f. 1981, figs. 33 and 35 p338) in which the

type 1 roots extend onto the facing basal bodiec. Cross sections through
Protasiphon’s basal bodies never contain three microtubular root strands,
only two roots {or occassionally one) occur per section. It would appear,
then, that Protoesiphon has a distal fibre unlike any other yet described,

in that it has four gtrachment points, two of which are proximal.

The posterior surfaces of the basal bodies are coated by a proximal
sheath, although the term ‘proximal' is something of a misnomer as the
sheath extends as far along the basal bodies as does the distal faitre
(Figs. 135,136,137,143). In longitudinal sections, the sheath appears
cither as two separate subunits, one on each basal body, or 4s a contin
nous electron dense plague underlying both basal bodies (Figs. 143,146).
tn basal body cross-sections, the sheath is evident as a trilobed electron
dense structure, eack lobe associated with one basal body triplet (Fig.

Y41y This is remarkably similar to the structure of the progimal sheath

£ )




(‘median proximal  fibre') found in  four Chlorosercinopsis species
(Melkonian 1978). In tangeatial longitudinal sections, a strigted band
rs from each of the subunits of the proximal sheath (Figs. 137,147).

Yhase bands may correspond to the two interbasal body structures evident

izontal scetions (Figs. 139,140), although striations were not
observed in this plene of section. So it appears that in Protosiphon the
two busal bodies are subtended by a continuous proximal sheath along their
pusterior ends, this sheath also serving as an attachment point for two
striated bands connecting the two basal bodies, ie: two proximal fibres.
Ihe resemblarce of this arrangement to that found in Volvocalean algae
(Ringo 1967; Greuel and Floyd 1985) is siriking, despite the fact that
Protosiphon's basal bedies are not in a fixed V-shape positicn but lie

at 180° to each other

Th» microtubular root system is cruclate, with 2-stranded roots (R2s)
alternating with roots composed of 4 microtubules (Rés). The R2s curve
over the anterior prox.mal part of saach basal body (Fig. 141) to which

they dare attachbed by electron dense material. Bach R2 is also joined to

its basal body by a band extending from one

<

two triplets on the side
of the basal body above the proximal sheath (Figs. 139,147}, No such bands
coniect the Rés to the lower curves of the basal bodies, but those roots
are conpected just below the basal body apices to two or possibly three
triplets, via electron dense material which is visible in some horizontal
sections  as 8 small  dark  pad  against the basal bodies (Figs.

I39,161,142) . A System 1 fibre (SMAC) is associsted with the microtubuies

of each R? (Figs. 145,150}, Khether the $MACs are countivuous beneath the
distal fibre, as they are in Gonjum (Greusl and Floyd 198%) and
Platydorma (Taylor et al. 1985), is undetermined. Small connsctives link
the microtubules of the two-stranded roots to the overlying distal fibre

(Figs. 145,149).




Electron dense material is found around all four roots (Figs. 150,151,
The changes in position of tuvule one, relative to the other three
microtubules in the R4s, {8 consistent with other descriptions (eg: Ringo
1967, Hoops and Floyd 1982), The most anterior cross-scctions display a
three-over-one configuration with tubule 1 underlying tubule 3, and then

migrating cutwards until all four tubules are in a line (Figs. 107,351).

3.4.3 ZOOSPORE SETTLING.

Ir settling, Protosiphon’s zoospores exhibit 4 number of features de-
scribed for Oedogonium's zovspores (Pickett-Heaps 1972). In both genera
the duration of the motile phase is variable, though in Protosiphon the
zoospores generally become quiescent after 1-3 hours motility. This time
interval is partly dependent on whether the 2cospores encounter a
substrate or not, for example swimming periods are reduced if a coverslip
is placed on a drop containing active zoospores. If the zoospores fail
to find a substrate they aggregate on the water surface and form a
floating mat (Fig. 105). In both Protesiphon and Dedogonium (Pickett-
Heaps 197Ze) germination of cells in the floating mat is poor compared
with cells either attached to the sides of culture vessels or placad on
agar .

Three major structural changes occur on quiescence :

1. The zoospores round up, losing their elongated spindle-shape, and

become spherical (Fig. 152).

2. The flagella are resorbed in a process that conforms to Bloodgood's
type 4 category of flagella loss {(%loodgosd 1974). The flagella lie

against the cell surface, fuse with the plasmaicrma, and the axonewe
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enters the cytoplasm where it disincegrates (Fig. 155). This mode

of flagellar resorption is found in zoospores of the Chlorococcalaan
algae Aydrodictyon (Pickett-Heaps 1375), Pediastcum (Marchant 1974b),
and Chlorosarcinopsis (Melkonian and Robenek 1980); the Ulvophycean
algae Ylva (Briten 19713, and Monostroms (Jénsson and Chesnoy 1974);
and the primitive Charophycean alga Klebsormidium (Marchent et al.
1973). This widespread cccurrence indicates the importance of the

economical reutilization of tlagellar proteins,

3 A wall is formed around the spherical cells within 30 minutes. The
rapidity of this process is a common phenomenon in nakad motile cells
{Robinson and Preston 1971, Rogalski et ai. 1977, Robiason and
Schlossar 1978; Melkonian and Robenek 1980, Domozych et al. 1981b;
Lang et al. 1987), and makes if difficult to study wall ontogeny with
TEM alone. At lsast some of the wall material is obtained from
Golgi-derived vesicles (Figs. 152,153,154,156), as the dictyosomes
are hypersecretory and the resultant vesicles are filled with
electron dense fibres that resemble the wall microfibrils (Fig. 153).
The discontinuities between the plasmalemma and the forming wall are
beljeved to be the sites of vesicle-plasmalemma fusion (Figs.
152,154,156) - as assumed by Robinson and Preston (1971), Brown et

al. (1976), and McArthur and Moss (1977).

The adi :sion of cells to form floating maty is achieved by intermingling
of wall inivial material at the sites of cell-cell appression (Figs.
152,156), and the free exposure of the adhesive material of developing
walls may account for the accumulation of extracellular material around
the cells' peripheries (Fig. 152). Once settled, the zoospores germinate

to produce the zoenocytic siphons that characterize the vegetative phase

of the life cycle.

Pl




4 DISCUSSION.,

4.1 CLASS- AND ORDINAL AFFINITIES OF PROTOSIPHON,

Protosiphon conforms to *the ultrastructural characterisitics exclusive
to the Chlorophyceae, in that cytokinesis is accomplished by means of a
phycoplast, and the flagellar apparatus {s composed of two basal bodies
which show clock-wise rotation with the correct subsequent alignment of
the cruciastely arranged microtubular rocts. The stellate structure and
the flageilar tip are also Chlorophycean in nature, anc the connecting
fibres resemble those of the Chlorosarcinales (Melkonian 1978) and
Volvocales (eg: Ringo 1967) most closely. Details of vegetative
ultrastructure affirm Chlorophycean connections, in the presence of

chloroplast pseudograna, sn ER-plasmalemma lining, an elaborate pyrenoid,

and a pore eyesp bedded in an anterior chlorcplast lobe, - these
features only having been described in Chlorophycean algae. Vegetative
differences to Siphonalean algae include the reticulate chloroplast, the
wall structure, the lack of an ER-Golgi body association, and the ap-
pearance of the central vacuole. So by using the criteria of modern
phylogenies, which in this casse dare supported by comparative pigment
composition, the incorporation of Protosiphon into the Siphonales is

clearly untenable.

Although the Protosiphonacese are unquestionably Chlorophycean, their
position in the Chlorococcales is perhaps not the most natural. The aim
of phylogeretic schemes is to create monophvletic lineages, but the
Chlorococcales are clearly polyphyletic in nacure. Fttl and Komarek
(1982) may have begun to solve the problem by splitting off coenocytic

forms into the Protosiphonales. Although the erection of the
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Protouiphonales on the basis of cellular movphalogy is acceptable (son-

sidering that Mattox -ad Stewart (1984) and Bold and Wynne (1985) have

alsy used th

s featnre in ordinal delimitation), Deason (,v84) has
vehiement 1y vejected the formation of this order. However, the evidence
he presents i sometimes untrue (the presumed ultrastructural similarity
between Protosiphon and some members of the Chlorococcacean), or based
on facts taken out of context {the descriptions of isolates producing
rocspores that do not becoms spherical on quisscence and which do not
produce wacs, are certainly found in Thomas (1971), but Deason (1984)
fatls Lo mention that Thomas (1968, 1971) doss not consider these isolates
to belong to the genus Protosiphon. "Results from this present study are
sufficient to question the present taxonomic status ol these two isolates.
More research is peeded before their systematic disposftion can be re-

solved " (Thomas 1968, pa8-49).

in addition, the multinucleate nature of Neospongiococeum proliferum doos
not make it a coenpoyte, and the reported serclogical relationship between
Protosiphon and some mombers of the Chlorovoccacese is hardly surprising,
as Thomas (1969) was comparing Protosiphon to these coccoid greens, and
to two xanthophytes (similarities are not likely across divisional
boundaries!). Berologilcal data of relevance (for example, comparison of
Protosiphon to represeatatives of other Chlovophycean orders) do not ex-

ist.

Apart from Desson's objections {(1984), there is evidence that supports
the grouping of the Protosiphonales. The vegetative structurs of
Froiosiphon  resembles that of Hydrodictyon (Pickett-Heaps 1975) wore
«losely than any othey alga, particularly in the reticulate chloroplast
and contral vacuole, Characiosiphon's wall and vacuole (Stewart ol al.
1978} are ddentical te those of frotos phon, and the processes of

zoosporogenas is and zoospore release are comparable in all three genera

similar payeoplasts are found dur.ag furrowing in both Protosiphon and
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Protosiphonales on the basis of cellular morphology is acceptable (con-
sidering that Mattox and Stewart (1984) and Bold and Wynne (1985} have
also used this featurs in ordinal delimitation), Deason (i984) has
vehementiy rejected the formation of this order. However, the evidence
he presents is sometimas untrue (the presumed ultrastructural similarity
batwoon Protosiphon and some members of the Chlorococcaceae), or based
on  facts  tsken out of context (the descriptions of isolates producing
zovspores toat do not become spherical on quiescence and which do not
produce sacs, are certainly found in Thomas (1971), but Deason (1984}
fails to mention that Thomas (1968, 1971) does not consider these isolaves
to belong to the genus Protosiphon. "Results from this present study are
sufficient to question the present taxonomic status of these two isolates.

Move rescarch is needed before their systematic dispesition can ba re-

solv

(Thomas 1968, phB-49).

tn oaddition, the multinucleate nature of Neospongfococeum proliferum does
not make {t a coenscyte, and the reported sevological relationship between
Protosiphon aud some membars of the Chleorococcaceae is hardly surprising,
s Thomss {1969) was comparing Protosiphon te these coccoid greens, and
to two xanthophytes (similarities are not likely across divisional
boundaries!). Serological data of relevance (for example, comparison of
Frotosiphon to representatives of other Chlorophyrean srders) do not ex-

ist

Apart from Deason's objections (1984), there is wvidence that supports
the grouping of the Protosiphonales. The vegetative structure of
Protosiphon resembles that of HAydrodictyon (Pickett-Heaps 1975} mwore
losely than any other alga, particularly in the reticulate chlovoplast
il contral vacuole.  Charac fosiphon's wall and vacuole (Stewart et af.
1978) are identical to those of Protesiphon, and the processes of
zuosporogenesis and poospore release are comparable in all three genera

wimilar phycoplasts are found during furrowing in both Protosiphon and




Hydrodictyon  (Marchant  and  Fickett-Heaps 1971), (the study on
Charae iosiphon  does rnot  include cytokinetie details); and in both
Protosiphon and Kydrodictyon zoosporogenesis ifnvolves loss of pyreneid
substincture, Zoospores of all genera studied ave naked, and dre released
singly via an undifferentiated pore formed by dissolution of the parent
wall. The vegetative structure of the 'true' Chlorococcales is not
coenceytic and {8 thevefore very different from that of Protosiphon,
Hydrodictyon and Characiosiphon. In addition, the phycoplasts of the
"true' Chlorocuceales are more extensive and well-developed, and the
zoospores are ususlly walled, infrequently naked, and are generally re-
leased en masse in & vesicle (Deason 1967; Boid and Wynne 1985). A com-
parison of flagellar ultrastructure between Protesiphon and either the

Chlorococcales or the Protosiphonales is not pussible. The few micro-

graphs of the wmotile cells of #ydrodictyon (Pickett-Heaps 1975},
Padiast ram {Marchant 1974by, Sorastrum {Marchant 1974a) and
Characioxiphsn  (Stewart et al. 1978} reveal very little, and no
Chiorococcalean flagellar studies exist (excepting Golenkinia (Moestrup

1972 which {s probsbly not representative of the order, or even the

clas There is also no detailed inforwation on the Rhopalosolenaceae,
and perhaps complete studics on all membars of the Protosiphonales would
veveal differences greater than the uniformity imposed by a coenocytic

habit. But until then the Protosiphorales would appear to be a welcome

initfal step in the reducting in the artificiality of the Chlovococcales,

4.2 GREEN ALGAL TAXONOMY.

Oue  of  the problems encountered in taxonomic systems based on
ultrastructure is that the use of TEM in taronomy as resulted in algal

aroupings and affinities that are contrary to thosc traditicoally used

87

iy




in taxonomies based by necessity, on g morpholagy and to a4 lesser

extent, life-history. This has caused some phycologists to dismiss the
modern phylogenies @ "{t seems preferable to use all this fascinating new
information concerning the ultrastructure of green algal zoids to con-
struct hypothetical evolutionary lineages rather than to disrupt the

current formal system.” (van den Hoek 1984, plé0). The reasonin
¥ 8

precesding this conclusfon displays a surprising misunderstanding and A
lack of familiarity with the dynamic field of siphonous ultrastructure. “w‘m*m
It is all too easy to use criverisa initially considered to be
phylogencetically important, and cite references to demonstrate ‘heir in-

consistency, so  providing the platform for rejection of the

ultras:ructural taxonomic field, despite the fact that these criteria are

now acknowledged not to bs class- characteristic. (Compare van den Hoek's
Tult tructure of the zoids' (1984) with the Ulvophycean definition of

O'Ke and Floyd (1984a).

|

Uther phycologists ave not quite so disparaging, and yet still exhibit a

reluctance to whole-heartedly accept ultrastructural systems. For exam-

B

ple, Round (1984, p22) comments that arly workers, relying on gross
features, produced the best schemes possible, whereas latterly slectron
microscopy has become prominent and has vielded wuch sounder syscems,
marred only by lack of consideration of the gross features used by the

pionsers.”  The current phylogenies do not ignore gross morphology, as

this is still the most {mportant feature used At the generic and specific

levels (Protosiphon will always loek like Protosiphon, and is still called
Protosipvhon. Only the genus Ulothrix nas been split as a result of

ultrastructural studi

4, ard the taxonomy of this genus has always pre-
sented a problem (see Lokhorst 19787 1t (s largely the ordinal and class
groupings that are different, aid that dre beginning "o veflect evolu~
ticnary lineages and true affinities - 4 reflection based on conservative
evolut fonary features rather than on morphology, which is variable within

a species, subject to environmental manipulation, ana limited to & tumber
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wi forms that have avisen independently several times and which are

therefore polyphyletic characters.

The incorporation of evolutionary tendencies In & taxonomic scheme means
that the prodictive value of the scheme is enhanced. The observation that
a unicellular sarcinoid alga produced zoospores with laterally inserted
flagella, cnabled Pogers ef al. (1980) to predict tvhat this algal forwm

was on the Charophycean evolutionary line and weuld therefore have a

multilayered structure and probably a scaly covering, And despite its
'Chlm’ophyr,nan' growth form, it did. Stewart and Mattox (1975) have also
mentioned the value of predictability when selecting algae for
tie hemica! studies. For exumple, detajled work on glyecolate oxidase can
be restricted to membors of the Charophycean line, without wasting re-
gources on studies utilizing morphologically similar algae from a dif-

farent evolutionary line that has developed glycolste dehydrogenase.

Consarvative prejudice aside, there are naturally other problems issoci-
ated with the present phylogenetic systems. For example : 1) One of the
differences between the Chlorophyceae and the Uivophycese, is that in the
former class the smaller microtubular roots lie in a line, with the larger
roots (X roots) offset and attaching to the outer edges of the basal
bodies. The reverse arrangement is true of the Ulvophyceae (Mattox and
Stewart 1984). Diagrams and micrographs demonstrating this distinction
in both bi- and quadriflagellate cells, are frequent. {For eg: class
comparisons in Mattox and Stewart 1984 fig. 3, p35; 0'Kelly and Floyd 1983
fig.29, pl6l; Melkonian and Berns [983 rig. 40, p&3; Ulvophyceas alona
in Floyd et af. 1985 fig. 2, p6l7 (quadriflagellate) and fig 3, p6l8
(biflagellate); Robarts et #). 1982 figs. &7 and 48, p506; L)'Kolly ot al.
1984 fig. 46, pl97; Berger-Perrot et al. 1986 fig. 54, p2é; Herth et al.
J98) fig. 23, p2é6; Chlorophveese alone - Deason and Floyd 1987 fig. 12,
pl91; Melkonian 1978 fig. 11, pi6%, Katz and Mclesn 1979 fig. 9, pi7s;

O'Kelly and Floyd 1984b fig 4, p235. Only one example from each order
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studied {s given.) But a problem arises in one of the Chlorophycean or-
ders. In the two studies on Chaetophoralean algae, both Floyd et al.
{1980), and Bakker and Lokhorst (1984), have vreconstructions of
quadriflagellar apparatus in which one pair of bLasal bodies has rotated
but the components of the other remain at 180° Floyd af al. (1985) suggest
that even if only one pair of basal bodies is displaced, it should be
sufficiant to indicate the direction of rotation, as clockvise rotation
results in Leshaped pairs of basal bodies at acute or right angles,
whereas anticlockwise rotation results in L-shaped pairs of basal bodies
at obtuse angles. In the reconstructions of both Uronema belkae (Floyd
et A1, 1980 fig. &, p20) and Praparnsldia (Bakker and Lokhorst 1984 fig,
5, p264) the displaced basal bodies are drawn ag though they have rotated
clockwise, and yat it is the X microtubulsr roots that run 'into' the
basal bodies, with the smaller roots offset on the oucside. The mirror
image of these reconstructions has anticiockwise rotation with X roots
ending in a line inside the basal bodies. As basal body overlap is absent,
the arrangement is not typically Ulvophycean, but rather resembles an
arder in the Pleurastrophyceae (see Mattox and Ptewart 1984; 0'Kelly and
Floyd 1984b). As the basal body angles are acute, and the Chlorophycean
nature of this order is undisputed, {t messs that in some guadriflagellate
cells, only &ha‘angl« between adjacent basal bodies will reveal the di-
rection of rotation -.whereas the insortion of the microtubular roots,
which is the only criterion for determining the direction of rutation in

biflagellate cells, is invalid,

1) Jémsson (1962) grouped a number of marine {ilamentons algae together
on the basis of their heteromorphic life histories, and perforate
chloroplasts, forming the Acrosiphoniales. This order, or {ts members
(0'Kelly and Floyd 1984a do not recognize the order and place its genera
in the Ulotrichales, although they differ from iotrichalean algae in
filagellar structure, cytokinesis, sexual life history, motile cell exit

apertures, pyrenold ultrasiructure, and cell wall composition), ave in-
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variably rveferrad to the Ulvopliycese (Sluiman et al. 1982, Floyd and
0K 1984, Mattox and Stewart 1984, Lokho 1984). Yet a critical
examiniiton of the literature reveals 4 relationship with this class that
is at best tenuous, snd also that the Acrosiphoniales do not fit into any

of the five d

ibed classes of Mattox and Stewart (1984). In both
Urospora (Lokhorst and Star 1983) and Acrosiphonia (Hudson and Waaland
{19743y, the cytokinetic mechanivm invelves & reduced phycoplast.
Phycoplasts are found only in the Chloruphyceae and the
Pleurastrophyceae, but not in the Ulvophycese (Mattox and Stewart 1984).
The Acrosiphonealean features of wmitosis are Uhlorophycean and not
Pleurastrophycean, so it would appear that this order should be assigned
to the Chlorophyceae. The ultrastructural featuves of the flagellar ap-
paratus of Urospora penteilliformis zoospores concur with those of the
Chilorophbyceas, despite the determination of Sluiman et af. (1982) to

» describe these cells os Ulvopaycean. The features cited (rhizoplasts and

‘capping plates') are now known not to be infallible characteristics of
the Ulvophyceae (Table 11 D'Kelly and Floyd 1984a). In addition, the basal
hody arrangemert is perfectly cruciate, a situation otherwise only found
in the Chlorophycean alga Chacropeltis {0'Kelly and Floyd 1484L). How-
ever, ih. gametes of Acrosiphonia and Urc nore gregaria (Fleyd and 0'Kelly
1984) exhibit two features not found in the Chlorophyceae but in the
Ulvophyceae : a simple terminal cap can be distinguished at the proximal

end of each basal body, and the basal bod{es are overlapping.

Rejection of overlapping basal bodies 4 an Ulvophycean chavacteristic

(0'Kelly and Floyd 1983) is based on the fact that

1 Urospora zoospores do nut exhibit overlap. This surely suggests that
this alga might not & Ulvophyeean, rather than that over 20

Clvophycean genera happen to exhibit this feature coincidentally




2 basal body overlap is said to occur within the Chlorophyceae ir two
cares, Golenkinia (Moestrup 1972) and a stage in the life history or
the flagellate Korschikoffia (Melkonian 1982b). As mentioned previ-
ovslv, Solenkinia's flagel ur apparatus is quite extraordinary (and
to visualize basal body everlap in figures 24 and 25, pl76, requires
some  imagination). The secor' example of Chlorophycean basal body
overlap comes from an abstract. There are no published micrographs
available, as ke complete paper reierr> ‘o by O'Kelly znd Floyd
(19840), 'Melkonian and Preisiy 1983 was "in press” but has never
been published, accordi~g to biclogical abstracts. In addition,
0‘Kelly and Floyd (1984b) have clearly demonstrated that basal sedy
absolute oolentations can easily be misinterpreted during flageilar
apparatus replication (citing an example from published Hantoniella
studies as evidence). It is therefore quite possibie that the basal
body overlap described during reproduction in Korschikoffia is a
misinterpretation, a possibility reinforced by the transient nature

of the phenomenon,

Even if basal body viap is disregarded however, there is still the
probler of the terminal caps and the tact that Floyd and 0'Kelly (1984b)
describe the basal body rotation in dcrosiphonia gametes and Urospora
pregaria male gametes, as being anticiockwise. 0'Kelly and Floyd (1984a)

stipulate that members of the Ulvophycus not he defined on the basis

of flagellar ultrastructure glone, but if cell divisior details are in-
corporated then the Acrosipheniales no longer belong in the Ulvophyceae
e Ulvophycean  flagellar  festures  preclude inclus fon in  the
Chioropnyceae, and mitotin and zoospore descriptions are st odds with

those of Pleurastrophycean

algae  (although cytokinetic features and

gametse ultrastyucture are similar to these of the Pleurastrop, veede).

This confusion merely illustvates that the present phylogeny is by no

means complete, and that many more years of exciting explorative research




Vi pecessary. The two examples

wa also do nol invalidate the coucepts

stead reflect difference

wiogenies are hased, but

and groupings of ¢

det innd, vated, or onlarged,

on ultrastrustural features. As the number of studiss revealing these
foatures has increased, correlations between vltrastructure, and habitat

fe~histories have smerged (lrvine and John 1984), resulting in the

and
halistic approach to green algal taxonomy and phylogeny, vet oon-

cosved s Adoption of this approach was attempred in the present study, and

although reproductive data are lacking, the taxonomic controversy sur-

voeunding Protosiphon has beern solved.
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5 APPENDICES.

APPENDIX 1 - LEWIN'S CULTURE MEDIUM,

To 1L distilled water, add 10ml. of each of the following stock

solutions

Ca(.\()s) .4“{2(}, ool Ton0g/L
Kziif’()annhydrouﬁ .. 050
5!1,},.‘204.7){20 ,,,,,,,,, 2.50
F'(’,SO‘?H,\O .......... 0.03

<
.‘1!\(71261420 .......... 0.02
Naz}iDTA ........ Lo 0,50

Finally add 13ml soil extract.

Autoclave.

APPENDIX 2 -~ MODIFIED KARNOVSKY'S FIXATIVE.

Dissolve 2g paraformaldehyde in 25rl distilied water, by heating to
60-70°C and stirring. Add three drops IN JaOH while stirring. Allow to
cool, add Sml of 25% glutaraldehyde, and make up to 50ml with 0.1M
Phosphate buffer, pl 7.4. baix for selected time interval {(dependent cn

material), rinse in phosphate buffer, and postfix in i% osmium tetrow.de.




* APPENDIX 3 - COM*ENTS ON FLAGELLAR TERMINOLOGY.

1. Ringo (1967) was the first to use the term 'proximal fibres' to de-
scribe two srr’ated bands that connected the V-shaped basal bodies
. in Chlamydomonas. In other studies on the Volvocales (Greuel and Floyd

1985, Taylor et al. 1985, Hoops and ¥loyd 1982) and {4 those on

quadriflagellate Chaetophoralean zoospores (Melkonian 1975; Birbeck
et al. 1974; Floyd =t al. 1980; Bakker and Lokhorst 1984}, the

proximal fibres very definitely connect to adjscent basal bodies as

well as to microtubular roots. However, in the Chlorosarcinales
(Melkonian 1977,1978; Deason and Floyd 1987) the basal body-proimal
fibre connection is proving more di*lircult to demonstrate than the

™ proximal fibre-microtubular root connaction. Bo in the
s Chlorosarcinales at least, the proximal fibres appear to have the same
position and single function of thy striated bands of the Ulvophyceae.
Unless & striated fibre can be positively shown to conrect adjacent )

Y basal bodies, it should not be referred to as a proximal fibre. *\x

An  interesting observation in this respect, 1is that in all

Chlorophycean algae, proximal fibres are located on the lower surface
af the basal bodies in longitudinal sectior. However, in the
Siphonales, and perhaps Ulvales, proximai fibres occur above the

basal bodies (Roberts et af. 1981, 1982; Hori 1977; and sec Melkonian

1981 fig. 22, p3s2y. This Ulvophycean positioning of a striated
proximal connective may be related to the feeble, or even absent,

striaticn of the distal fibre

Hembers of the Siphonales have distal fibres that are unstriated
{showing no median interruptios’, or faintly striated, which suggests
inefficient functioning as an ‘elastic' cennective (Ringo 1967,

Watson 1975). [t would be interesting to determine whether the func-



tion of the distal fibre has been appropriated by the well-striated
proximal fibres linting the basal bodies anter orly, and leaving the
distal fibres to become modifisd into components of the mating system
This is particularly evident in the female gametes of the three
Giphoralean genera siudied, where in both Pseudobryopsis (Roberts et
al. 1982) and #ryopsis {(Nelkonian 1981), cylindrical extensions of
the ‘capping plate’ line the microtubular roots and connect to the
wating structure on the plasmalemwa; and in Jerbesis (Roberts er al.
1981) where the extremely complex perforated "capping plate’ extends
posteriorly along the 2-stranded microtubular roots for several
microns (unfortunately no information on a possible vole as & mating

structure).

The terminclogy of the iistal fibre in Ulvophycean swarmers, is dis-
pured between Floyd, 0'Helly and colleagues, and Stewart, Mattox and
colleagues. Floyd et al (198%) recommend that all distal fibres be
called exactly that, ircrespective of striaticn patterns and algal
evolutionary group. The r opponents in this semantic battle, reveal
2 bias towards unfounded differentiation between the Chlorophyreae
and the Ulvophycean. Duospite the fact that every Ulvophycean order
has members with striated distal fibres, these phycologists persist
in calling all Uluopbycean disval fibres 'capping olates', & term
first used by ‘telkonian (i979) in describing the apparently non-

striated distar fibre of Ulva zoospores. Later papers (Melkonian
et gl

1981, Roberts et al. 140 , 1982, 1984, Kobcn»‘;'\t%&; Melkonian and
Berns 1983) coentinue to refer to ‘capping plates' to differenciate
them from the Chlorophycesn distal striated fibres, despite the fact

that many of the 'plates’ show crncral striations 7eg: Farophora’s

distal fibre is virrvually adisvinguishable {rom that of Sphavropies
- compars Roberts et 4/, 1684 figs. 7 and 12, pl¥s; with Buchheim and
Hoffman 1986 figs. 20 and 23, p182). Even the derogatory cosment made

by Stuessy ef ai. {1983, p236) thut “capping plate configuration




may be a misinterpretation of poorly fixed material” had little effect
on inducing conformity. A pity, as & distal fibre i{s a distal fibre

regardless of its striation pattern,

Cartain anthors (Melkonian and Berns 1983, Bakker and Lokhorst 1984)
incorrectly refer to the slockwise arrangement of Chlorophycean
flagellar bases as vhe 1/7 o'clock position. This term was first used
by Roberts et al. (1982) to describe the mirrvor image of the absolute
flagellay configuration typicsl of the Ulvophyceae. The character-
istics o»f basal body overlap and RX insartion into the basal bodies,
are therefore inherent inm the use of tnis term, and it should be
avoided with reference to the Chlorophyceae. The clockwise and anti-

clockwise terminology of 0'Kelly and Floyd (1983) is less ambiguous.

Melkonian (198Da) reviewed basal body assccisted soructures, de-
geribing two types of connaecting fibres : System 1 (ov SMAC of Floyd
el al. 1980) and System 2 (rhizoplast). System 2 fibres are defined
as "fibrous :oots consist(ing) of a bundle of fine filaments

interrupted by cross-striastions with a rvepetitive unit greater than
80nm.  They are, with one exception (Teiraselmis) not closely asso-
ciated with wicrotubular . »ots." (Melkonian 1980a p97). Despite this
definitfon, soma of the <t lles on the Siphonales refer to structures
connecting basal b to microtubular roots, as ‘rhizoplasts'
(Roberts et al. 1981, G2). The siristed bands in similar positions,
of members of the Ulotrichal.~ (Sluiman et al. 1980; 0'Kelly er al.
19843, Siphonocladsles (Floyd et 42, 198.,, and Ulvales ‘0'Kelly and
Floyd 1983, Stuessy ef al. 198%; 0'Kelly ez 7. 1984), are correctly
not referred to as rhizoplasts, but simply as steiated bands. The
periedicity of such short bands is dafficult to measure sccurately,
(if the reason for the use of 'rhizoplast' was proupted by wide
siriations), and there is increasing evidence that periodicities al-

ter with flagellar functioning and are cotually of liitle taxonomic




value (Moestrup 1978, Melkonian 1980b; Floyd er sf. 1985, Bergoy-

Parvor of al. 1986).

Anothey example of wmisuse of the term 'rhizeplast' can be for d in
the st 1y by Bakker and Lokhorst (1983), where an alectron Jdense plate
associated with 8 microtubular root in Chaetomorpha, is described as

an unstriated rhizoplast - by definition impossible.

I four species of Chloresarcinopsis Melkonian (1978,1980a) described
a 'median proximal fibre' found on the lower surface of basal bodies
dn an electron dense mass. Serial sections demonstrated that the
siructure splits into three distinct, reughly triangular, portions
(Melkonlan 1978 figs. 49 and 530, p277). Despite thoe fant koo the
structure is not fibrous, and that the only micrograph purpoctedl,
demonstratig that it links the two basal bodies along thelir lower
surfaces, is oot cowvincing (sea Melkonian 1978 fig. 3, p'é7),
Melkonian saw fit to name Ut 4 wedian proximal fibre. A remarkably
similar structure has been described i{n g number of Ulvophycean or-
ders, but in this class it fs kaown as a 'proximal sheath' - described
by 0'Kelly and Floyd (1984a, pi32) for the Ulvales as “subtending all
basal bodies (and) composed of two equal subunits, triangular in
cross-section, that narrow and finally Join together proximally”. The
number of subunits is variable within the Ulvophyreas, with two Lyp-
fcal of the Ulvales, one or two in the Ulotrichales, and thrae or none
in the Siphonocliadales (Floyd and O'Kelly 1984; Rakker and Lokhoyat
1965). The only difference between the stbunits of a ‘median proximal
fibre' and those of the Ulvales and Cladophoracese, is in the heighe
of the constituent triangles, with those of the Ulvophycean algae
generally being longer than those of Chloresarcivopsis. However,
comparison of the veduced or single cupping proximal sheaths of other
Ulvophycean basal bodies {ag: Dasyeladales, sems Hlotvichales) with

Chlorephycean  'median  proximal  fibres', demonstrate that  the

@b

/%




Chilorophycean ones extend furiher posteriorly than those of some
. Utvophyceae. The postarior extenston of proximal sheath subunits slso
depends on what portion of the basal body is sectioned. Published

wicrographs of Chlovophycean basal bodies indicate that

i a. eiectron dense material underliss wost Lasal bodies (Bakker and
Lokhorst 1985 fig. 11, pl2e9d; Greual and Floyd 1985 {iyg 13, p363;

Taylor et al. 1985 fig. 10, p337; Hoffman 1976 fig.5Z, p213;

Buchheim and Hoffman 1986 fig. 11, plBO; Deason and Vleyd 1987

fig. 11, plol)

b, In sowme  cross-sections it is  triangularly extended, eg:
Cylindrocapsa (Roflman 1976 fig.34, p213); while in others it
forms @  crescent cap under tha lowermost triplets, eg:
‘ Atractomworpha (Hoftman 1986 fig.28, pi78), just as it doas In .
A members of the Ulotrichales (C'Kelly and Floyd 1484a; Floyd and

0'Kelly 19843

. Gayralia (Hoops et al. 1982 fig. 10, pl34) possesses the slectron

dense basal body shroud of Gorfuw (Grewel and Floyd 1983 fig. 11

3633 and also has two subunits in cross-section.

d. In Dosmotetsn (Deason and Floyd 1987 fig. 11, pl91) the proximal
electron dense matevial sevves  as  an  attachment  for the

rhizoplasts, as do the proximal sheaths of ceriain Ulvophycean

‘ motile culls (Stuessy er al. 1983, O'Kelly et al. 1984). A sim-
itar function therefore seems probable in System 2-containing

motile cells,
1§ there is any basis for differentiation between Ulvophycean
proximal sheaths and Chlovophyesan median proximal fibres, then per-

haps it could be found in the fact that theoretically, the median

9%



proximal fibres link opposing basal bodies and that proximal sheaths
underlie single basal bodies., However, this linking function f{s no*
well demonstrated by Melkonian (1978) and equs v convincing links
can be discevned hetween ihe proximal sheaths of Ulvophycean algae
sectioned in a suitable plane (swea Berger-Pereot of al. 1986 fig.30,
p23; O'Kelly ez af. 1984 fig.3, pl82; Melkonian 1980b fig. 18, plS6),
S0 'median proximal fibres' asd 'prosfmal sheaths' cannot be dist{n-
gitished o Lhis functional basis, as there is no clearcut evidence
to support such a division, Hirayama and Hori (1984) were critivized
by rloyd et al (198%) for calling proximally situsted slectron dense
materisl & proximal sheath in Chaetomorphs - as Floyd et al. (1985
p625) consider proximal sheaths o be "discrete eiectron-dense fibres
subtending the prod.mal cnds of the basal bodies". Theovstically
perhaps, but the fibrous nature of proximal sheaths is rot evident
in any micrographs (no individual fibres are actually discernible};

imal sheaths sce not 'discrate' in

and  in their entirety, the pros
those Ulvophycean members having reduced sheaths or shedths composed

of a single unit, nor do the very most proximul portions of sheaths

composed of two or three subunits have well-defined sdges. Assuming
though, that proximal sheaths conform in reality with the definition
given by Floyd ef 4/, (1985), then Melkonian's median proximal fibres
(Melkonian 1978, 1980a) could, by definition, be proximal sheaths.
Until a valid difference botweesn the two can be demonsirated, it is
suggested that all electron dense matter wsnsheathing the proximal
basul body surtace on the lower side be termed proximal sheaihs, o

¢rder to emphasize the homology of cruciate root systems.
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8 FIGURES.

ABBREVIATIONS USED IN THE FIGURES.

S,

A - axoname

B - basal body (bodies)
4 - chloroplast

CF - cleavage furvow
Cp - cytoplasm

GV o~ central vacuole

0 - dictyosome

o - eyespot

F o distal seriated fibre

- linesr formations of {rregular lipovsrotenoid deposits
ip » incipient pyrenoid

k1 - arystal type 1 {carotenoid)

second crystal type
L - lipocarotenoid

Mo mitochondrial profile
N+ nucleus

0~ annular structures resulting from lipocerotencid-globule olgestion
P~ pyrepoid

px - psevdograsum

pp - potyphosphate granule

Qg - lipocarotencid globule

3 - drregular lipo

rotenoid depos it

- twosstranded microtubular root

va - fonrestranded microtubular root

5 - stavch
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t - triplet microtubule arrangement in basal body

Tp - thylakoid plexus
TV - contractile vacuole
¥ micr sbody

Y o~ vesicle

W~ wall

« - prosimal sheath

Y - thylakaid pad

2 = cartwheel region of bisal body
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Figure 1, A young vegetative cell of Protosiphon botryoides, with a

chlorophylious and a rhizoidal region. (Scale = 100um).

Figure 2. Siphons grown for extended perinds in stirvred liquid cultures
freguently possess chloroplasts that fill the entire length of the cell,

(Goale = 20um).

Figure 3, Continual growth fn liguid culture results {a the production
of sphnarical vegotative cells with vacuolate cytoplasm (arrow). (Scale =
wiumy .

Figure -. Young 'giant' cells. (Scale 100um).

Figuire 5. Tha elongate siphon shape present in all four isvlates. (Scale

15Cum) .

Figure 6. A 'giant’ cell (arrow) and & norwal cell after eight days growth

in tigquid colture. (Scala = 100um),
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Figure 7. Sloughing of wall layers (arrowheads) {n an actively growing

young siphon, (Scale = lum).

Figure 8. Wall layers may be completely separated from the underlying
Taaellated wall material. The grasular mucilagenous substance dissolves

to leave only wall flbrils. (Scale = lum).

Figure 9. A mature siphon in waich the compacted areas of a wall layer
porsist {arrowheads), bubl the intervening material has been lost. The
outermost portion appears detached from the fnner area which lies adjacent

1o the younger wall material. (Scale = jum).

Figure 10, Longitudinally sectioned wall microfibrils {arrowheads),

ale = 0,25um).

Figure 11, Wall microfibrils (arrowheads) appear scattered singly or in

clusters, in the granular ground material. (Scale = 0.2%m).







Figure 12, A cross-sestion through & young siphor illustrates the large
central vacuole and the thin layer of peripheral cytoplasm. (Scale =

L)

Figure 13, Branches of the .eticulate chiovoplast anastomose across the

central vacuole of an adult siphon, (Scale = 4um).

Figure 14. The central vacuele ef the siphon develops Ly fusion
(arrowheads) of nuweraus wesicles {n the cytoplasm. Soms vesiclas are
derived from the digestion of polyphosphate granules (arrows). (Scale =

Tumy .

Figure 5. A lengitudinal section through the botryoidal chlorophyllous
region of a siphon. Thin cytoplesmic threads traverse the central vacuole.

(Bcale = 8um).
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* Figure 16 ot T tioucieate peripheral cytoplasm of an adult .
¢ PR cintarnae iae plasmaiomms  (arrowheads), while the
stieedate chloroplast anastomosas fotae cell wall and the central
FERYY ” the vacuolar arvrds < the headed membraces typically
Teft afts phate grannle digesiion tareows). (Scofe = lum)y.
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Figures 17 - 20. &4 wries of sections through the cytoplasm of a4 «iphon,

from the rhizoidal region (big. 17), up towards the chlorophyllous region

(Fig. 18), which apically contains increasing numbers of organelles
(Fign. 19 and 20). Note the peripheral ER lining the plasmalemma (Fig.

18 =« lum; Figs. 19 and 20

19 arrewheads). (Scales = Fig. 17 - 3um; Fig.

- 0. 5um) .
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[ Figures 21 and 22. The cytoplasm of an old siphon containing complate
V’ polyphosphate granules, and granules an the process of digestion. Once
-
s
- digested, the grannles leave a thin beaded membrane in the resulting
vesicle (arrowheads). (Scales = luw).
<, i
% Figure 23. Two vestcle-bound polyphosphite granules in the process of
bring digested. (Scale = 0, Zum}.
N Figures 24 and 25. The pseudograna {arrowheads) of the reticulate
: chloroplast, which alsc contains starch and plastogiobuli. (Scale = .
” Tum) .
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Figure 26. A chloroplast portion containing plastoglobuli, starch, and
a pyrensid. Connect{ons cccur betwean adjacent layers of the starch shegth

(arvowheady. (Scale = lum).

Figure 27. The concentric arrvangement of starch grains formed by
pyrenoids in the apical chlurophyllous region of an adulv siphon.  (Scale
© umy

Cigure 28. An undulating thylakoid mesbrane within an intrapyrenoidal

lemella, (Scale = . 2um}.

Figure 28. Fxpanded thylakofds entering the pyrenoid watrix from a

thylakoidal pad. {Scsle = 0.%um),
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Figures 30 ~ 32, 4 series of sections thvough a pyrenoid : just grawing
the central pore structure through {ts enclosing thylakoids (Fig. 30),

through the osmiophilic matrix unaerlying the centrval thylakeids (Fig.

11); thaough the centre of the core strocwure {(Fig. 323, (Scales = lum),

ir
-
Figure 33. The central oore structure of & pyrenoid. {(Scale = 0. 7um).
s
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Figure 34, An adulr siphen's nuuleus with a macrosegragated nucleolus

tavrowheads) and a pored savelope (arrows}), {Scale = (. 5um).

Figure 35, Peripherval chromatin aggregates {arrowheads) are commou on

the inner nuclear envelope. (Scale = 0 Sum).

Figure 36, Long KER cisternas  avise from the nuclear euvelope
{arrowhuads). The forming face of the Goigi apvaratus is closely associ-

ated with the cuter nuclear membrane  (Scale = 0. 5um) .

Figure 37. Ribosomes line the wuter envelope of the unucleus, whils
shromatin cordensates ccenr internally Uarrowheads). Note the large pore

(arrow). {Scale = 0. Sum}.

Figures 38 and 39, Saall =i sbodies are closely associated with
chlorveplast reticulavion itochondrial profiles, and RER cisternas

(arrowheadsy. (Scales = Jum} .

Figure 40, Ao annular airochondrial pyofile lies next to a dumbbell-

shaped microbody. (Scale = 1. 5%pm),
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Figure 41. A coenocyst formed by condensation of an entire siphon's

protoplast. Note the thickened wall. (Scale = 1Sur).

Figure 42. The bright orange cysts formed after 3 months of adverse
conditions, Some cysts vepresent whole siphon protoplasts, while others

are derived from portions of one siphon's protoplasm. (Scale = 65um).
¥ P ¥ P

Figure 43. Two siphous that have undergone transverse cleavage during
convucyst formation. In some cases, the resaltant cysts have been subse-

quently pavtitioned either equally (arrow) or unequally (arrowhead).

{Soale = 50um),

Figure 44, Siphons containing coenocysts that are spatially separated

within the parental wall (Scale = 70um).

Figure 45. Frrmation of spatially separated coenocysts. The cytoplasm

between the four forming cysts (arrowh: uls) will degenerate. (Scale =
S0um) .
Figure 46. The zoospores produced within this slender siphon have
encysted within the parent wall, fo ming small hypnhospores. {Scale =
50um)

Figure 47. Detail of a portion of a siphon that has undergone
zovspurogenssis, with the resulting zoospores encysting within the si-
phon. The zoospores are tightly packed and will form red bypnospores,

(Scale =  Bum).

Figure 48. A comparison berwoen the sizes of cysts formed by protoplast

conmensation  {arrows) and  those  formed by entrapped  zoospores

{arrowheads). (Scale = 8um).
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Figure 49. A young hypnospore containing few rvecognizable organelles,

and an incompiete, peripheral lipocarotenoid globule layer. (Scale =

tum) .

Figure 50. Jompacted, mature hypnospore with spiny wall, complete
lipocarotenoid layer, internsl lipid droplets, and a lobed nucleus.

{Secale = lum)

Figure 51, The five wall layers of a mrture hypnospore - outermost layer
(1), spine-containing fibrous layer {2), trilaminar sheath (2), electron
dense layer (4), second trvilaminar sheath adjacent to the plasmalemma (5)

(Srale = 0.5um)
Figure 52. A hypnospore in which che plasmalemma has torn away from the

fifth wall layer (5). Nete the convolutions of the trilaminar she:th

cemprising the third wall layer. (Scale = 0,25um).
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Figure 53. The highly laminated wall of 8 coenocyst, tha outermost iayer

not being compressed. (Scale = lpm),

Figure 54, An old coenocyst with a thick, 'gonfle’ wall. Lamellations
are irregular and the constituent material is randomly arranged betwsen

the layers. (Scale = Jum).

Figure 55. A coenocyst with cell contents, and an outer wall layer dis-

solving into the surrounding medium. (Scale = 3um).

Figure 58. Some coenocysts have outer wall layers that are compacted and

do not disselve into the medium. Oscassional layers contaln peculiar

convolutions. (8caln = lum).

Figures 57 and 58. The excrescences typical of young coenocyst walls.

{Scales = Zum).
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Figure 53, A youug coenveyst. .ross-sectioned, still with & pyrenoid and

4 large compacted chloreplast portivn. {(Scale = &pmy,

Figure 60. A lJongitudinally-sectioned coenccyst displaying natuval de~
hydration, with membranous (ragments {arvrovheads) botween the wall and
the plasmslemma. Irregular lipocarotenoids are arrangsd in linear con-

centric arrays adjacent to the wall. (Scale = 4um).
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. Figure ®1. Typical coenocyst cytoplasm  with numerous vesicles ’
A8 (arrowheads), empty or containing lipocarotenoid globules. Both the
a annul.r structures resulting from lipocarotenoid globule digestion, and

the linear arrays of lipocarotenoids, are preseut. (Scale = lum).

iE
Figure 62. Vesiculated cytoplasm containing the second type of crystal
(k2) found fn coenocysts. (Beale = 3. 5um).

N Figure 63, The remnant of an organelle (arrowhead) enclosed and sur- o
rounded by vesicles with appressed membranes. (Scaie = 0.5um).
. Figure 64. Cytoplasmic vesiculation including autophagic vacuoles. (Scale

= 0. 5um).
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Figure 65. The coonocyst cytoplasm is typically filled with vesicles,
Hpocarotenola globules, and irvregula: lipecarotanoids. Some vesicles and
woll oo tents have been exvcytosed (arrowhsads) and lie against the cell

wall., (Scale

0. 5um).

Figure 66. A& cosnocyst nuclons with o central nucleolus and a pored en-
valepe (arrowhsads). A short JUR iragment {arrow) lies near the rucleus,

as do both crystal types. (Scale = 0. 5um)
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Figure 67. A commonly-oscurring type of nucleus with a cored nucleolus

and peripheral chromatin aggregates (arrovheads). (Scale = 0. 5um).

Figure 68. Although dense heterochromatin is scailered through the
nucleoplasm, pevipheral aggregates still occur (arrowheads). (Scale =

O Sum) .







t in which lipocarotenoid arrays are still

Figure 69. A young coenocy
being formed on the edges of chloroplast vemaants, both thylakoidal and

rstals 18 clearly evident.

svarch. The plate-like structure of type 1 ¢

A reduced dictyosome and a short RER profile wecur. (Scale = lum).

Figure 70. Irvegular lipocarotencids surrounding isolated stavch grains.
Numerous type 1 crystals ocenr in vacuoles scatterad throughout the

cytoplasm, Scale = lum).
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Figure 71, Beaded linear a rays of lipocarctencids lining tle cocnoeyst

wall, and extending from an frregular

i)

lipocarotennid mass.

(Seate =
Figure 72, The concentric paths of the lipocarotenoid - beaded
hemimembraneys occur betwesn the wall and the large chioroplast mass.
Cheale = lum),
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