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Ultrastructure of the Cryptophyceae including Cyst Fo=ation and 
Trichocyst Substructure 

ABSTRACT 

. Detailed studies in the Cryptophyceae, including aspects of cyst 
formation, trichocyst substructure and nucleomorph divisiong not previously 
investigated, were selected to provide further understanding of the 

peculiar biology and affinities of this phylogenetically critical algal 

group. The three distinct morphological statest motile, palmelloidq 

and walled cyst, were compared in CryDtomonas 58, C. 42 and C. S-1. 

Synthesis and secretion of materials comprising the many loosely deposited 

mucilaginous envelopes encasing palmelloid cells were compared with the 

deposition of the single, firmly-compacted, cyst capsule. Many 

developmental stages in walled cyst formation are described showing the 

gradual loss of trichocystsq periplast plates and cell shape. 

In a comprehensive study of the unique trichocysts the use of a 

fixation method incorporating ruthenium red revealed a uniform periodic 

substructure within the fabric of the ribbon before and after discharge 

from the cell. Details of the substructure were allarifled by "Unear 

stap-printing of electron micrographs and image --Sconstruction f=om 

laser diffractograms. A different substructure, finer and less =egula. - 

than that in cryptophyte trichocysts was discovered in the trichocysts of 

Pyramimonas parkeae (Parsinophyceae). 

Stages in division of the nucleomorph are described including the 

vformation of a large cross-banded fibrillar structure associated with the 

duplication and separation of the groups of dense particles peculiar to 

the nucleomorph and the total absence of microtubules. These observations 

are discussed with reference to c urr ent phylogenetic theories suggesting 

that the nucleomorph might be a remnant nucleus of a eukaryotic photo- 

synthetic endosymbiont. 

A comparative study of Chilomonas paramecium and CVathamonas 

truncata shows that Chilomonas, possessing nucleomorphsq leucoplasts 

and producing starch, is a secondary heterctrophep while 
- 
Cyathamonasy 

lacking compartmentation, plastid remnants and starch production, may be 

Primarily hetirotro-phic in nature. 

The structure of a small marine cryptophyte, Plagioselmis punctata, 

including new observations of external scalesp a gulletv and a support 

structure in the 'tail$, is also discussed. 
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ABBREVIATIONS 

The following abbreviations have been used in this text and in the 

accompanying illustrations and legends. 

AB Alcian blue 

CP +D Critical point drying method 

C Chromatin 

cc Condensed chromatin 

CL Chloroplast 

C7 Contractile vacuole 

DNA Deoxyribo=cleic acid 

EM Electron microscope 

ER Endoplasmic reticulum 

FB Flagellar base 

GA Glutaraldehyde 

H, Cl Hydrochloric acid 

L Leucoplast 

LS Longitudinal section 

M Mitochondria 

MM Membrane 

Ms Mastigonemes 

MT Microtubules 

N Nucleus 

NK Nucleomorph 

NU Nucleolus 

NR Neutral red 

OsO4 Osmium tetroxide 

PA Periodic acid 
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Pb Lead citrate stain 

PP Periplast plates 

PS Ponceau S 

PTA Phosphotungstic acid 

R Ribosomes 

RNA Ribonucleic acid 

RR Ruthenium red 

S Starch 

SEM Scanning electron microscope 

T Trichocyst 

TEM Transmission microscope 

TMV Tobacco mosaic virus 

TS Transverse section 

UA Uranyl acetate 

WH Whole mount 

0 
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INTRODUCTION INCLUDING LITERATURE REVIEV 

The first written observations of the Cryptophyceae are 

attributed to Erhenberg (1830) in which he gave the name Crvptdmonas 

to a freshwater flagellate found in Russia. Cohen (1853) classed 

the Cryptomonads as zoological and placed them in the phylum Protozoa. 

Lýter botanists including Rabenhorst (1863), Cienkowsky (1879), 

Hansgrig (1885), Dangeard (1890), and Senn (1900) accepted them as a 

type of flagellated plant. 

The non-pigmented Chilomonas presented early taxonomists with 

a problem because of its lack of a chloroplast. Von Stein (1878) 

acknowledged the morphological similarity of Chilomonas to the 

pigmented species of Cryptomonas but did not believe that it could 

have arisen from any known species of Cryptomonas merely by the atrophy 

of chloroplasts. 

Pascher (1911) having observed n'on-motile colonial forms, 

divided the Cr%; Dtomonads into two groups, motile and non-motile. He 

noted what he thought to be a similarity in gullet and periplast 

structure between the Chrysomonads and Cryptomonads and placed them 

together in the order Phaeochrysidales. Later he regarded their 

resemblance to dinoflagellates as more significant and (Pascher, 1914) 

put them in a class, Cryptophyceae, along with the Dinophyceae and 

Desmokontae in the new division Pyrophyta. 

Pritsch (1935) agreed generally with Pascher's taxonomyo treating 

the Cryptophyceae as a separate class divided into motile and non- 

motile orders, Cryptomonadales and Cryptococcalest the latter to be 

reserved for Tetragonidiumq the only genus possessing a true cell wall. 

Since Hansgrig, (1895), colour has been used as a feature for 

classification of the Cryptophyceae. Pringsheim. (1944) discussed the 

extreme variability of species in this respect and rejected the use of 

-A 
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colour as a basis for taxonomy in this group. Nevertheless, in default 

of better criteria, colour has continued to be used in many recent 

classifications including 'that of Huber-Pestalozzi (1950)9 Butcher 

(1967), and Starmach (1974)- Butcher (1967), whilst accepting 

Pringsheim's criticism and indeed presenting further evidence for 

changes of colour during culture of certain speciesq nevertheless, 

regarded the range of colour, or certain distinctive tintsp as constant 

enough to serve in the recognition of certain critical taxa in 

Cryptomonads. 

Butcher (1967) used the nature and structure of the depression- 

furrc)W-gullet system as the primary basis of classification and the 

number of rows of gullet trichocypts as a further distinguishing feature 

of genera in the classification adopted in his important monograph 

(Butcher, 1967) on the motile forms of Cryptophyceae in British Coastal 

Waters, as set out below : 

Cryptophyceae 

HilleaCeae 

Hemiselmidaceae 

Hemiselmis 

Cryptomonoadaceae 

Plagioselmis 

Chroomonas 

Cry. ptomonas 

Chilomonas 

Cyathamonas 

Starmach (1974) followed Butcher in using the gullet system and 

the number of trichocyst rows along the gullet as features to 

distinguish the different sections of the order Cryptoinonadaleso and 
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he included in his key the arrangement of the peripheral trichocysts 

as another identifying feature in some species. Starmach's 

classification (1974). set out below, is less conservative than 

Butcher in the treatment of genera and recognises several additional 

families. In the order Cryptococcales (Fritsch, 1935) he includes the 

coccoid genus Bjornbergiella hawaiiensis (Bicudo, 1966) although it 

had been previously suggested by Javo=nicky and E[indak (1970) that 
rV%em4o.. of, tke 

Bjornbergiella had been wrongly described as ajCryptophyceae, and 

resembled more a Chrysophyceae or Xanthophyceae. Starmach's 1974 

classification 

Cryptomonadales 

Pleuromastigaceae 

Butschiellaceae 

Cryptomonadaceae 

Cyanomonas 

Chroomonas 

Rhodomonas 

Cryptomonas 

Cyanomastix 

Cryptella 

Peliamina 

Chilomonas 

Leukocryptos 

Hilleaceae 

Cyathamonadaceae 

Cvathamonas 

Kathablepharidaceae 

Cnyptaulax 

Cyanophora 
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Planonephraceae (Christensen, 1967; Hemiselmidaceae 

Butcher, 1967) 

Protochrysis (Hemiselmis, Butcherp 1967) 

Cryptococcales (Tetragonidiales) 

Tetragonidium (Pascher, 1914) 

BJornberRiella-(Bioudo, 1966) 

Recently the application of electron microscopy to the 

Cryptoýhyceae (Dragesco, 1951) and more detailed biochemical studies 

including the discovery of the presence of phycobilinproteins (Allen 

et al., 1959; Haxo and Fock, 1959; 01&4ýcha and Rdffertyp 1959) and 

chlorophyll c (Veda, 1961) initiated increased interest in the gToup'. 

The structL=e of the periplast was e=ined in detail by Faust (1974), 

Gantt (1971), Hibberd et al. (1971), and Santore and Greenwood (1977). 

The presence of the double-membrane enclosed nucleomorph in the 

perinuclear space and its relationship to the nucleus was noted by 

Greenwood (1974) and further described by Santore (1975). The leucoplast 

of Chilomonas having a similar structure and location 4 the nucleo- 

m6rph was described and examined by Joyon (1963) and Sepsenwol (1973). 

The trichocyst structure a-nd mode of ejection from the cell has been 

studied by Anderson (1962)9 Schuster (1968), Hovasse (1965)p Rovassey 

Joyon and Mignot (1967), Wehrmeyer (1971), Dodge (1973), and Santore 

(1975). 

The relationship of flagellar bases in the Cryptophyceae was 

researched by Mignot, Joyon and Pringsheim (1968) and the riitochondrial 

complex observed and traced through the cell by Santore and Gýeenwood 

(1977). 

Chloroplast structure has been worked on by Gibbs (1962,1967)p 

Dodge (1969), Greenwood (1967), Lucas (1970)p and Santore (1975)- 

General cell organisation in many different genemof cvjptophytes has 



12 

been researched in several independent ultra-structure studies : 

Chilomonas paramecium by Hovasse, Mignot and Joyon (1967); 
-Cyathamonas 

by Mignot (1965), and Schuster (1968); Chroomonas mesostigmatica by 

Dodge; Chroomonas salina by 
-QrA-KIzj .6 'Do45-e-. - (1976), and Santore (1975); 

marine Cryptomonas species and Plagioselmis by Lucas (1970); 

Cry-ptomonas species and Hemiselmis rufescens by Santore (1975). 

Cryptophyte cell growth patterns were observed under varying 

environmental conditions by Antia et al. (1973)'and also by Faust 

and Gantt (1973). The stages in the life cycle of a Cr. Tptomonas 

through the motile and non-motile palmelloid and thick walled cyst 

forms were documented by Javornicky and Mindak (1970)9 and ultra- 

structural'examination of the palmelloid form of Cryptomonas was 

initiated by Santore (19759' 1978). Except for tests on the chemical 

composition of trichocysts. (Schuster, 1962; Mignot and Hovasse, 

1973) very little histochemical. work has been doneon the Cryptophyceae. 

The numerous attempts to establish a rationall taxonomic position 

for the cryptophytes are evident in the importance given to the group 

in the development of concepts of algal phylogeny. Dougherty (1955) 

classified algae with flagella into two groups on the basis of presence 

or absence of chlorophyll b. In line with this concept Christensen 

(1962) related'the distribution of a wide range of fundamental chemical 

and cytological characteristics to the gross classification of the 

algae as a whole, leading to the phylogenetic concept of a progressively 

branching phylogeny from a single common ancestry. He concluded that 

the Rhodophyceae hold an isolated phylogenetic position as the most 

primitive eukaryotic group intermediate be I tween the present day blue- 

green algae (Cyanophyceae) and algae with flagellap ascribing 

fundamental significance to the presence of similar photosynthetic 

pigments in both the blue-green and the red algaep particularly the 

Phycobiliproteins in all the flagellate groups except Cryptophyceae. 
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Ile arranged the flagellate eukaryotic groups in two main series, 

Chlorophyta, and Chromophyta, depending on the presence or absence of 

chlorophyll b. The Cryptophyceae take a place in the Chromophytaq 

resembling most other classes in this series in the possession of 

chlorophyll c. The presence of phycobilins, in this class alone of 

all phytoflagellates, is one among a number of chemical and cytological 

features which suggest the retention in Cryptophyceae of characteristics 

that may be ancestral to the chromophyte branch of algae. 

Gibbs (1970) pioneered the application of comparative ultra- 

structure of the chloroplast to problems of relationships in algae. 

She concluded that the chloroplast structure places the Rhodophyceae in 

an isolated and primitive position because the thylakoids in the 

chloroplasts of the red algae are solitary in arrangement, not stacked 

into bands or grana, resembling in this respect those in the cytoplasm 

of the Cyanophyta. Gantt (1971) later showed that the thylakoids in 

both'these groups bear phycobilisomes on their cytoplastic or stromal 

surfaces. It has been pointed out by several authors (Coombs and 

Greenwoodq 1976; Dodge, 1973) that both these features of the rhodophyte 

chloroplast correspond more closely to the photosynthetic apparatus of 

the Cyanophyceae than to those of the chloroplasts in other eukatyotic 

groups of algae. The presence in the Cryptophyceae of phycobiliproteins 

and starch are two biochemical features that suggest an ancestral 

relationship in some way to the Rhodophyceaeg but the tendency for 

the thylakoids to occur in pairs, noted earlier by Gibbs (1970) and 

Greenwood (1974) and lack of evidence of phycobilisomes indicate 

significant differences in chloroplast organisation. 

Gantt (1971) gave evidence that the phycobiliproteins in the 

Cryptophyceae are contained inside the lumen of the thylakoids rather 

than attached to the outer surface of the bounding membranes. Gibbs 

(1970) first noted that. the Cryptophyceae are unique in storing their 
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staxch between the chloroplast envelope and the chloroplast endoplasmic 

reticulum. 

Hibberd et al. (1971) compared the theca of the Dinophyceae and 

the pellicle of the Euglenophyceae to the periplast of the Cryptophyceae. 

The periplast plates of the Cryptophyceae are not contained in a system 

of vesicles like those of the Dinophyceae, and the Eaglenophyceae has 

a radically different structure of overlapping spirally arranged plates. 

Hibberd et al. (1971) also drew attention to the presence of the special 

type of flagellar appendagey tubular mastigonemes (Bouck, 1972) in 

Cryptophyceaep classically regarded as restricted to and distinctive of 

the heterokont pattern of flagella found only in certain groups of 

Chromophyta. The Cryptophyceae are, however, unique in caxrying this 

type of tubular hair on both flagella in the majority of genera. They 

concluded that the unique features of flagella and periplast placed the 

Cryptophyceae in an isolated position in relation to other classes of 

algae. 

With the employment of an increasingly comprehensive range of 

criteria the discussion of phylogeny has remained polarised between 

monophyletic and polyphyletic alternatives of varying complexity with 

the focus of speculation on the major discontinuities at the eukaryotic/ 

prokaryotic boundary and in the origin of the diverse flagellate lines. 

The different views taken of the affinities of the-Cryptophyceae are 

often of critical importance. 

A polyphyletic approach to the oiigins of the algal groups was 

developed by Raven (1970) who proposed the initiation of eukaryotic 

algae on several separate occasions by endosymbi0sis of an appropriate 

pigmented prokaryote with a colourless host. Lee (1972) pursuing the 

dogma of flagellate progenitor for all eukaryotic algae presented an 

evolutionary scheme for the derivation of the eukaryotic cell from the 

prokaryotic cell in which the Cryptophyceae are the central point. He 
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regarded them as an ancestral eukaryotic cell arising from the 

Cyanophyceae, from which in t urn the Rhodophyceae could have been 

derived as well as the other flagellate groups. 

Greenwood (1974), stressing the significance of the flagellar 

characteristics, the presence of chlorophyll cq phycobiliproteins, and 

the chloroplast ER, suggested a place for the ClWtophyceae in the base 

of the Chromophyta (sensu Christensen), considering them more likely 

to be derived from a common ancestral stock with the Rhodophyceae than 

the progenitor of the latter. 

The tabular arrangement (Table 1) adopted by Greenwood in 

considering the affinities and interrelationships of algae (Coombs and 

Greenwoodt 19%) broadly follows current viewS-in the importance 

accorded to cell structure, pigments, and photosynthetic functions but 

places new emphasis on differences in the internal compartmentation of 

cells and the nature and location of carbohydrate reserves that accords 

a critical position to the Cryptophyceae. 

In this table the various classes are ordered from left to 

right in categories of increasing complexity and specialisation of 

cell compartments. The chloroplast ER9 typical of many classesq is 

regarded as establishing an additional cell compartment containing the 

chloroplasts in isolation from the main cytoplasmic contiuem. On this 

plan the phycobilin containing groups find places towards the leftq at 

the simpler levels of cell organisation. Among eukaryotes the Chloro- 

phyta fall into the same category of cell compartmentation as the 

Rhodophytaq but in a separate lineage of the flagellate section of the 

table. The Chromophytal having more complex compartmentsq are 

distributed further to the right according to the presence or absence 

of starches and increasing specialisation of thylakoid systems. The 

Euglenophyta occupy an isolated position, resembling chromophyta in 

internal complexity and the absence of starchp but possessing chlorophyll 

b. 
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The importance given to the chloroplast compartment in this 

axrangement and its validity as a guide to affinities gains support 

from the consistency with which the group distribution of other 

features is also accommodated. The position of the Cryptophyceae rests 

in the first place on the possession of starch and phycobilin pigments 

on the one hand, and on the other in the presence of chlorophyll c and 

the confinement of the plastids to a separate compartment, as in all the 

Chromophyte groups to the right of it. Other features also suggest 

(Greenwood and Santore, 1977) that the Cryptophyceae fall into place 

as a remnant of an early branch from an ancestral stock common to the 

Chromophyta. These include the ribosomes, starch grainsv the nucleomorph 

present in the chloroplast compartment, and the possession of tubular 

mastigonemes. Attention has recently been drawn to the occurrence of 

trichocysts, apparently similar in many respects to those of C37yptophyceaeg 

found in two species of-Pyramimonas (No=is and Pearsong 1975). 

M 
THE, ýIAIN CLASSES OF ALCAE arranged with ref erences to cell compartmentag photo'synthesis, 

and carbohydrate reserves. 
Cell PROKARYOTIC EUKARYOTIC 
comnartments Thylaknids in Thylakoids in chloroplasts !t 
& membranes tile cytoplasm 0 

Chlornplabts in the cytoplasm Chloroplasts in sub-compartments of the cytoplasm z 
a No enclosing Envelope of 2 membranes Envelope # EH cisterna -4 membranes 

membranes i 
(only 3 membranes in some, set* below) 

Location of ACONTA CONTOPHORA (with flagella) 
secondary 
pipments Phycobilisomes on membranes Chlorophylls b or c and carotenoids in membranes 

' 
Thylakoid Lack& No Stack., compound Compound larnellae or bands of 2 or 3 thylakoids 
arrangement (117h) lakoids form simple lamellae) larnellie, grana uqualiy. Often very regular 3-thylakoid bands 

, girdle limella. 
C. 

Clas'dricatiloll CYANOPHYTA RIIODOPHYTA ClILOROPHYTA Cillto. %IOI'IIY TA (and EUGI. ENOI'IIYCEAE) 

(B)Charciphyceae "Prisinophyerne Euglenophyce3o" 1 
Ichloropilyceac 

&-condary ---------- ------------ 
pigment groups I(C) 

1 
, 
DinophYceae* Haptophyceat 

(A) Phycohilins 
(D) Chlorophyll b 

r 
, (A) 

- - - - 
Rhodophyc#. -ac 

t 

I 
Eustigmatophyceat 

Raphidophycese 
(C) Chlorophyll c I 

I 
I C. rharophyceac I Chn-miphycea 

Cvanoph y cr ae (j d some genera : C,. ryptophyccae I I [lie illarioph v cear, X. -inthoPhYceae 
L Sf yac: q in rmiti. -%) -4 

TypiC21 "Clycogen" I Arn)-lopectin Amylopectins and Amyloses Laminarin, parantyloa. otc. 
carlsohydrate 

I 

rewrvts (1,4)glucans p- (1.3)glucasiv 
"AAarclies" no st3rch 

TABLE I 
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Oakley and Dodge (1973) in work based on the mitotic division 

of, Chroomonas salina found no evidence to support the primitive nature 

of the nucleus or the mitotic process and suggested that the nuclear 

features of Cryptophyceae could indicate very different affinities from 

those inferred from the chloroplast structure, pigments and flagella. 

In a further study Oakley and Dodge (1974) found that there was no 

similarity of cryptophyte mitosis with the endonuclear division of the 

Dinophyceae (Oakley and Dodge, 1977) but that mitosis in Chroomonas 

salina showed resemblance to that in the prasinophyte Pyramimonas 

parkeae (Pearson and Norrisq 1975). They concluded that although there 

was not enough evidence to establish special affinities with any other 

group of algae, their data was sufficient to contradict the theories 

of a close relationship between the cryptophytes, and the red algae, or 

the dinoflagellates. 

Oakley and Bisalpntra (1977) in a study'of mitosis and cell 

division in Cry-ptomonas suggested that cell size and numbers of rows 

e-, -44 
of gullet trichocystsjnot be used as diagnostic taxonomic factors 

because of the significant range of changes these two so-called 

identifying features can pass through during cell division. They also 

stressed that there is no similarity between the cryptophycean mitosis 

and that of the red algae (McDonald, 1972) and the dinoflagellates 

(Oakley and Dodge, 1974). They also observed that the mitotic apparatus 

of the Cryptomonads is similar but not identical to that of Pyramimonas, 

and that cryptophyte mitosis although primitive in comparison with 

higher organisms is not primitive in comparison with other algae. 

Cavalier-Smith (1975) proposed a theory for the evolution of 

eukamyotic cells based on a single origin from i4aji-frý-e blue-green 

algae. He suggested that an ancestralp sexualo phagocytic, amoeboid 

"protoalga", could have given rise separately to the red algae and a 

chromo-amoebo-flagellate. The red algae are regarded as showing the 
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most primitive pattern of eukaryotic cells giving rise possibly to 

some of the fungal groups. The chromo-amoebo-flagellate branch is 

suggested as the direct lineage to dinoflagellatesq euglenoids, and 

cryptophytes, each as a separate minor branch. The two main branches 

arising from this primitive ancestor : one with early plastid loss to 

the heterotrophic amoebo-flagellatesp Clliates, and animals; the 

other with development of cell walls to the varied phytoflagellates 

and algal group leading along one branch from the Chlorophyta to higher 

plants. It should be noted on this view that the eukaryotic organisation 

of the amoeboid proto-algae ý-: is regarded as having been derived by 

internal differentiation and not by phagocytic endosymbiosis (Table 11). 

TABLE II: Cavalier-Smith's schematic plan of eukaryote diversification 
1 (1975). 

Ph. wophyla Trachcoph)tA 
Animals 

Chrysophyta 
Und 
Plants 

Slime moulds -Lo*er' 
Xanihophyta 

lain, 
Brlophyta 

ungi r ru 

Zý-a 

-Grown6h I y0lowish" 
116.14 Chlorophyli 

Nerve p1jilij lo-ýs 

I 
ponges Hetcrok 

/ 

Mptophyta 

I 

S ants j Grccn . 0gat 

Eusti 

cilizics 

(UgellAtes 

"Pro(ozoa" 
Sporoz(m 

caldol, pora 

Crypt"Phyta 

Euglcnoids 

VinoiligellAtes 

Lom or sca 

"AbCOM)CCIcs 

fungi 

. *M- Z)gonq4; ctc% 

Cell 'hilth 

tiorideophpAit 

R. j 
alvic 

sjnpoph)%; iJjc 

0 
Chrom"' 1 21 

The ancellt; ii. selLual. 
phisec) nc. 
. protoaIca- 
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Taylor (1976), surveying the information recently available 

from the comparative ultrastructure of the nuclei, mitochondria, 

flagella, and chloroplasts proposed a new and comprehensive phylogeny 

of the principle flagellate groups. In his phylogenetic 'tree' (Tab. 
-III) he 

(1976) depicts the Cryptophyceae originating from an ancestral prasino-- 

phyte and places the rhodophytes as a distinctly separate and earlie. 

branch of the eukaryotic algae prior to the evolution of flagella and 

not giving rise to any other group of eukaryotic algae. Taylor noted 

the distinctive and unusual features of the Cryptophyceae such as 

phycobiliproteins located within the thylacoid cisternae (Gantt et al., 

1971 )P. plus a combination of chlorophylls a and c2 ( jLif f re, 79 1968) 9 

the production of starch outside their chloroplastsp (Gibbs, 1970), 

and the presence of a well developed cytoplasmic endoplasmic reticulum 

confluent with the nuclear envelope. Despite these features he proposed 

that the cryptophytes originated from the prasinophytes because both qr'QQps 

6-avq , paired stacked thylakoids, a similar mitosis, and similar coiled 

ribbon-like ejectosomes. In suggesting that the cryptophyceae derive 

from the Prasinophyceae, Taylor admitted major differences such as the 

presence of chlorophyll c in the cryptophytes, and the location of 

starch within the chloroplast in Prasinophytes (Gibbs, 1962). 

TABLE III: Taylorts (1976) Plagellate Phylogeny. 

HYPERMASTICIDS 
Phaeophytes 

TRICHOMONADS 

CHOANOFLACILLATES 
Diatoms DIPLOMONAOS 

C% 
HAPTOPHYTES ,..,.. RETORTAMONADS 

0 KINETOPLASTIOS 
-0 s.. 

XANTHOPHYTES Higher Plants 

"I 
EUGLENOI s. ' EUSTIGMATOPHYTES 

CHLOROL40NADS 

CRYPTOMONADS Phragm0plastie 
CHLOROPHYTES 

CilliLtOO 
-ý*. * ........... . 

IDINOFLAGELLATIES 
1'PhycoI*ItC 

'WA CHLOROPHYTES 

Cl) (D 
Rhodophytes 
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Following Taylor, new schemes have been proposed which deal with 

the; 
, increasingly popular theory of the endosymbiotic origin of 

different classes of eukaryotes, and this in turn has inspired more 

detailed proposals for the origin of the main branches of the algae by 

separate initial steps of endosymbiosis. Two of these 

merit discussion here, because they illustrate 

different phylogenetic positions for the Ci-yptophyta. 

Hibberd (1979) derived the Chromophyta and the 

Chlorophyta from a basic Cyanophyta ancestor. Hibberksphylogeny(Table IV) 

resembles Taylor's scheme in the position of the Rhpdophyta as an early 

and primitive branch giving rise to nothing elsev and the Cryptophyta 

as an early branch of the main chromophyte branch. On Hibberd's scheme, 

the cryptophytes -ýollowit%g the' 
_, - - cLtnophytes are shown to arise along the 

same branch from --, -a common ancestorp which positions them in an 

almost reverse situation to that of Taylor's scheme. 

CP M, I 
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I I- to 

t, 
I 

9 441 11 04, 

--sacestor with 

1 ancentorl coloýrless 
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. 02 

. 01 : 
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=? HrTA-. Nk 

P-19, --rette ,0 
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Double sambraned chloroplas'. eavelOPS 
chlorophyll 'I onljr 2. ditto# with chloroPlAst ER 
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TABLE IV: Hibberd's (1970) Phylogenetio Scheme. 
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More recently and subsequently to the discovery of the 

chlorophyll b-containing Prochloronp Dodge (1979) suggested a separate 

origin of the chtomophyte and chl-orophyte lines deriving the former 

by endosymbiosis of -. 
a_? Cyanophyte. with an ancestral flagellate, and 

the latter in a separate endosymbiotic act involving a green 

procaryote and an ancestral flagellate. in this scheme, Dodge (1979, Table 

V has diagrammed the ciariophytes as giving rise to the L'UKarjof(c 

algae through three separate endosymbiotic actsp having the 

rhodophytes give rise by endosymbiosis to the cryptophytes, and the 

prasinophytes arising along a completely separate line. in contrast 

with both Taylor's (1976) and Hibberd's (1970) schemes. The position 

of the Cryptophyta in Dodge's phylogeny is one of central importancep 

acknowledging the Ci7ptophyta as a key ancestral form giving rise to 

many algal groups. 

T-43LE V: Dodge's (1979) Phylogenatic Scheme. 
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Recent publications (Gibbs, 1978; Whatley 2t A. 1., 1979) 

discussing the potential importance of the Cryptophyceae in 

phylogenetic schemes stress the fact that a greater understanding 

of the Cryptophyceae will only be achieved with more detailed 

investigations. It is the aim of this study to examine certain 

distinctive ultrastructural features of the Cryptophyceae to 

provide further information about this group. 
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MATERIALS AND METHODS 

1. CULTURES 

Fresh water cultures were supplied by the Cambridge Culture 

Centre of Algae and Protozoa, 36 Storey's Way, Cambridge. 
C-A -e ow t e^) 

Cryptomonas 58 J(979/58) 
- 

cx. - en kev 

Cmtomonas 42 1(979/42) 'Both Ciyptomonas species were isolated and 
I 

designated with species m=bers by Pringsheim. 

Chilomonas DarmeciumJ (977/2. A) Isolated by Pringsheim. 
C. - r-sch 

Cyathamonas tnmeata 4 (LB 9P2/1) Isolated by Pringsheim in 1942, 

from a ditch in Cherry Hinton, Cambridge. 

Marine cultures were supplied by the Marine Biological 

Associationg Citadel Hill, Plymouth. 

Hemiselmis rufescens 'Parke' (984-1) Isolated by Dr. M. Parke in 

1949- 

Plagioselmis mmctata4(1972a) Isolated by R. jowett from St. Germains 

River in 1969. 
A)V, UIS q PC-4A? SCA) 

Pyramimorias parkeae 4 (493) Isolated by R. E. Norris and B. R. Pearson 

in 1975. 

Chroomonas sP. J(357) Isolated by R. Jowett in 1965. 

A further fresh water species of cryptomonas was examined. 

It was cultured from a dried soil sample taken from a garden in 

Chiswickv Londong and will be refe=ed to as Cryptomonas S1 in the 

text. 

2. CULTURING AND CULTURE MEDIA 

The fresh water species were all cultured in variOus fOrms Of 

Bold's Basal Medium (1942). The basic formula for this medium is 
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composed of six stock solutions and four trace element solutions as 

follows : 

Stock solutions : NaN03 

CaC12.2H20 

MgSo4.7H20 

MEP04 

KH2P04 

NaCl 

10.0 g. in 400 ml. distilled water 

100 11 It 

3-0 It 

3.0 

7.0 

1.0 

Trace element solutions : 

1.50 g. EDTA and 31 g. KOH dissolved in 1 lt. distilled water. 

2.4-48 g. FeS04-7H20 dissolved in 1 lt. distilled H20. 

3.11-42 g. H3B03 dissolved in 1 lt. distilled water. 

4- The following trace elements dissolved in 1 lt. distilled water 

8.82 g. ZnS04.7H20; 0.71 9. M003; . 49 9. C(K03). 6H2); L. 44 g. 

MnCl2.4H2O; 1.57 9. CuS04.5H20. 

Bold's Basal Medium was made by adding 10 ml. of each of the 

stock solutions and one ml. of each trace element solution to 940 mls, 

of distilled water. A stock soil water medium was made from a cup of 

garden soil, boiled in 500 mls. water, triple filteredg autoclaved at 

15 lbs. /sq. in. for 15 minutes and kept in a tightly capped bottle to 

add to the Bold's Basal Medium separately. 

Special stock solutions were made for the culturing of 

Chilomonas paramecium and Cyathamonas truncata and added to the Bold's 

Basal Medium separately. A solution*of 0.1 g. sodium acetate and 

0.1 g. beef extract dissolved in 100 mls. distilled water was prepared 

fresh for each sub-culturing of Chilomonas paramecium and combined 

with an equal volume of Bold's Basal Medium and autoclaved. 

Similarly, for Cyathamonas truncata, a solution of 0.2 g. glucose and 

1%. 
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0.1 g. beef extract dissolved in 100 mls. distilled water was added 

to an equal volume of Bold's Basal Medium and autoclaved. 

Marine species were cultured in Erdschreiber artificial sea 

water solution, made as follows : 

Distilled water 500 mls. 

NAM 21 g. 

149S04.7MO 6 g. 

MgCl2.6B2o 5 g. 

CaC12.2H20 1 g. 

KC1 

NaHC03 0.2 

NaBr 0.1 g. 

H3B03 0.06 

Sr(N03)2 -03 

NaN03 0.1 

Na2EPO4 0.01 

Routine sub-culturing was done once a month. Erlerameyer 

flasks, washed and rinsed were half-filled with either Bold's Basal 

Medium or Erdschreiber's solution. 5 mls. of soil water solution 

was added to each flask and the flasks were then closed with aluminium. 

foil caps and autoclaved for fifteen minutes at fifteen pounds. The 

flasks were cooled, inoculated with cultures and kept in a light and 

temperature controlled culture room. The temperature of the culture 

room was kept at approximately 160C, and the grow-max fluorescent 

lights were set on a twelve hour cycle. 

Palmelloid forms of Crntomonas 58, 
_42 

and S1 were cultured 

on agar plates. The agar culture plates were made by boiling 3 9- 

of fine agar powder (Sigma) in 300 mls. Bold's Basal Mediump with 

10 mls. added soil water solution, for 30 minutesy then poured into 
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plastic sterile-sealed petri dishes and left to cool. Cultures were 

injected into the surfabe of the agar with a fasteur pipette. If 

the cultures were initially only spread over the surface of the agar 

with a wire 'loop, the cells would dry out and the before they could 

form their protective mucilaginous coverings. Injecting the cells 

into the surface of the agar allowed protection from desiccation 

while the cells adapted to the new medium. A damp filter paper was 

placed in the lid of each petri dish to prevent dryingg and the petri 

dishes were turned over and kept lid-side down to prevent any dampness 

or condensation from the filter paper to drip on the cultures. These 

agar palmelloid cultures would continue to grow and flourish for 

eight months and longer and were easily sub-cultured by scraping a 

gelatinous colony mound off an old agar plate and spreading it on a 

freshly prepared agar plate. 

Conditions for the production of the thick-walled cyst stage 

of Cryptomonas 58,42, and S1 in bi-phasic cultures were discovered 

by trial and error. Cryptomonas cells in Bold's Basal Medium would 

settle out into the palmelloid stage if the culture flasks were left 

undisturbed for several months. In these culture flasks, amidst the 

motile forms and the gelatinous strings of, the palmelloid forms, the 

occasional thick-walled cyst could be found. The numbers of these 

cysts were so few that it was proving difficult obtaining a sufficient 

supply for fixation. Experimental culture flasks were prepared with 

a half-inch autoclaved soil base topped with 50 mls. Bold's Basal 

Medium, and inoculated with Cryptomonas cells. These flasks were 

left undisturbed for eight months in the standard light and temperature 

conditions of culture. Flasks inspected after six months revealed a 

predominance of thick walled cysts in proportion to the remaining 

motile and palmelloid forms. It was noted that the thick-walled cyst 

only appeared in the liquid media cultures and was never observed to 

form in the agar grown palmelloid colonies. 
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PDCATION AND EMBEDDING 

Motile cultures were fixed in pellet form by gentle centri- 

t 

fugation in 2 ml. tapering test-tubes. Colonies of palmelloid cells 

growing on agar were out into tiny blocks and placed gently into 

fixative in small capped vials. A standard fixation of both types 

of preparations was accomplished as follows : the pellets (and the 

blocks of colonies) were fixed with 2.5% glutaraldehyde (TAAB) in 

0.1 M sodium cacodylate buffer for 3 hours, or when a stain was included 

(see below) left in the refrigerator overnight. The preparation was 

then washed twice in buffer, post-fixed in 1% OS04 in 0.1 M cacodylate 

buffer for 30 minutes, and washed again in buffer. The material was 

then dehydrated in a graded acetone series and embedded in a medium- 

hard Spurr's resin. Polymerization of the material took 24 hours at 

60 0 C. 

Sp=ls mixture used : 

ERL (vinyl cyclohexene dioxide) 10 

DM (736) (diglycidyl ether propylene glycol 6 g. 

NSA (nonenyl ether suc4nic anhydride) 26 g. 

S-1 (dimethylamino ethanol) 1 g. 

STAINING IN FIXATION 

Variations of the standard fixation method were employed by 

the addition of stains to the glutaraldehyde stage of a fixation. 

Various fixation methods include : 

a) glutaraldehyde fixation without an OsO4 post-fixation, 

b) ruthenium red fixation. 0.01 g. rutheniuni red (Sigma 

London) (Ru302(NH3)14)Cl6 dissolved in 0.5 ml. distilled 

waterv added to 10 mi. of buffered glutaraldehyde at 

the beginning of a fixation, and followed with the 

standard OsO4 post-fixation. 
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0) ruthenium red fixation, as above, but without an OsO4 

post-fixation. 

d) Alcian blue fixation (8GXI Gu=), a phthallocyanine 

dye selective for mucins. 0.01 g. Alcian blue 

dissolved in 0.5 ml. distilled water, added to 10 ml. 

of buffered glutaraldehyde at the begiming of a 

fixation, and followed by an OsO4 post-fixation. 

e) Alcian blue fixation, as above, but without the OsO4 

post-fixation. 

f) Ponceau S (Sigma London) fixation 0.01 g. Ponceau S 

dissolved in 0.5 ml. distilled water added to 10 ml. 

buffered glutaraldehyde at the begi=ing of a fixationg 

and with an OsO4 post-fixation. 

g) Ponceau S fixation, as above, but without an OsO4 Post- 

fixation (P-sulfubenzene-azo-o-sulfobenzene-azo-0- 

naphol-3,6-clisulfonic acid) Ponceau S is used primarily for 

staining protein zones in electrophoresis. 

h) 'Dimeý'(Os2N(M3)8Cl2)(NO3)3. A chemical compounded in 

the Imperial College Chemistry Department. 0.01 g. 
1, %1 Dimer dissolved in 0.5 ml- distilled water and added to 

10 ml. buffered glutaraldehyde at the beginning of a 

fixation, and followed by an OsO4 post-fixation. 

SECTIONING AND STAINING 

Polymerized discs of material were first examined in the 

light microscope. Areas chosen for trimming were marked with a wax 

pencil, sawn from the diseq mounted on a dowel with Durofixg and 

trimmed to a flat-topped smooth-sided pyramid shape. Sections were 

cut with a diamond knife on a Reichert U2 ultramicrotome and picked 

up on non-filmed 300 mesh copper or-gold gridsp or occasionally 
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Fo=var-filmed 200 mesh gold grids were used. 

Sections were stained in 20A uranyl acetate for 20 minutes at 

600C followed by Reynolds lead citrate for 3 minutes at room temperatL=e. 

ELECTRON MICROSCOPY AND LIGHT MICROSCOPY 

Electron microscopes used to examine materials were : A. E. I. 

EM6B; Philips 301 G, operating at 60 Kv and 80KV; "Minervally the 

A. E. I. EM7 1000 KVEM; and Cambridge Stereoscan Mark II SEX. Ilford 

N50 plates were used for EM photography. 

Light micrographs were taken on a Reichert 'Zetopan' microscope 

and recorded on Ilford PAN F 35 Mm film. 

WHOLE MOUNTS 

i) For Transmission Electron Microscopy (TEM) 

Cultures were gently centrifuged to concentrate the organisms 

but not to form a pellet. Using a finely drawn-out Pasteur pipetteg 

a drop of the concentrated suspension was placed 6n. 'ýýe- centre of a 

Formvar-filmed 200 mesh gold or copper grid, j. The cells were left 

to settle for a few minutes and then fixed by gassing with a drop of 

49A OS04 suspended on the underside of a petri dish lid for 30 

seconds. A second method of fixation used for marine specimens was 

the touching of each drop of suspension with a needle tip that had 

been first dipped into 49/6 OsO4. After fixation the grids were lef t 

for 5- 10 minutes to allow the organisms to settle on the FormVar 

film. Little filter paper triangles were used to draw off the excess 

fluid and the grids were each washed with a drop of distilled water 

that was again removed using filter paper triangles. Staining and 

shadowing of grids was done as follows 
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a) Shadowing 

The grids were arranged on a small piece of glass and shadowed 

at 450 from the horizontal in a vacuum coating unit (Balzers Micro 

BA3) by evaporation from a tiny chromium chip suspended in a tungsten 

wire basket. 

Negative staining 

After the whole mounts were prepared and washedl and before 

they had driedy a drop of 2% uranyl acetate was placed on each grid 

and left for three minutes. Excess stain was drawn off with filter 

paper triangles. Other negative stains used in this method include 

2% phosphotungstic acid (PTA). 

C) Trit6n-X 100 

T: riton-X 100 (detergent polyethoxyethanol)q generally used in 

cell membrane removal, was used to treat whole mount prepaxations 

of fired trichocysts. A solution of Triton-X 100 was prepared (Markey 

and Bouckf 1977) and a drop of it was placed on each whole mount 

grid (prepared as above) and left for 2 minutes. The excess fluid 

was drawn off with filter paper triangles, and the grids were then 

negatively stained with 2Y6 uranyl acetate (as above). 

ii) Scanning Electron Microscopy (SEM)- 

Drops of concentrated cell suspension were placed on Formvar- 

coated 1 cm. squares of glass (Santoret 1975)t and left to settle 

for 5 minutes. The organisms were then fixed bY gassing with 9A 

OsO4 (as for whole mounts) and left to settle a further 5 minutes. 
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Each glass sqaure was then placed in a small glass vial and fixed 
,j 

in 2-5Y6 gluteraldehyde in 0.1 M sodi= cacodylate buffer for 1 houro 

washed in buffer and dehydrated in a graded acetone series. The 

specimens were stored in 1000/6 acetone for critical point dx$ing. 

Specimens were critical point-dried in a Polaron CP DE 300. The 

glass squares were mounted on specimen stubs with DL=ofix adhesivev 

and gold sputter-coated in a Polaron CPD 300- 

8. HISTOCEEMSTRY 

Electron microscope histochemistry 

i) Gautier technique 

A technique including a Feulgen-type reaction using Schiff- 

tirne reagents at the ultrastructural. level (Gautier, 1976) was V. V 

employed to detect the presence of DNA within cells. Gautier's 

., y,, - prepared in the manner prescribed osmium-amine complex was freshl' 

by Gautier (1976) by the Imperial College Chemistry Department. The 

reagent takes about a week to prepare and it must then be used 

immediately to avoid possible deterioration of its staining properties. 

The exact chemical composition of the completed compound is unknown. 

Half an hour before use 1 mL of the Gautier's reagent was 

dissolved in 5 mls. distilled water and then centrifuged to settle 

out undissolved particles. The solution was then bubbled with S02 

gas for 10 minutes in a fume cabinet. Organisms had been previouslY 

fixed in glutaraldehyde only (without OsO4 post-fixation for specific 

staining)q embedded in Spurs resin, thick-thin sectioned (250 M)y 

and collected on gold grids. These sections were hydrolyzed in 5N 

HC1 for 15 minutes at room temperature and then floated on drops of 

the S02-treated reagent for 90 minutesp followed by several rinses in 
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distilled water. There was no post-staining. 

This procedure of Gautier's was also carried out using several 

different compounds prepared by the I. C. Chemistry Departmentp and 

thought to be similar to Gautler's osmium-anine complex, but 

having a known chemical structure. A control test was also run 

using the above method but omitting the hydrolysis. 

Other compounds tested : 

1) ruthenium red (RR) sulphurated with S02 (Ru302(NH3)14)Cl6 

2) osmium brown (CB) sulphurated with S02 

(Os3N2(NH3)9(OH)3(H20)2)cl5 

osmium violet (OV) sulphurated with S02 

(Os3N2(NH3)6(OH)5(H20)3cl3 

4) dlmeýq sulphurated with S02 (Os2N(NH3)8Cl2)(NO3)3 

ii) Ponceau S staining on thin sections 

Thin sections (250 - 500 rm) of Plagioselmis mmctata fixed 

in glutaraldehyde without an osmic post-fixation and embedded in 

Spurr's resin, were collected on gold grids and stained in either of 

the two following methods : 

a) Sections were hydrolyzed in 5N HC1 for 15 minutes 

at room temperature and then floated on drops of Ponceau S stain. 

b) Sections were bleached in 2yo periodic acid (Thienyp 

(1967) at 40 0C for 15 to 30 minutes, rinsed in distilled water and 

floated on drops of Ponceau S stain (Gori, 1977). 

The stain was prepared as follows : 0.5 g. Ponceau S (Sigma, 

London) and oxi mi. 65Y6 H2SO 4 in 10 ml. distilled water. 



34 

b) Light microscope histochemistry 

The acridine orange fluorescence method for DNA (Armstrong, 

1956) was employed in an attempt to detect the position of DNA in 
I 

other areas of the cell apart from the nucleus. Drops of a concen- 

trated suspension of cells were placed centrally on clean glass slides 

and left to dry. A chemical series was prepared in Coplin jars and 

the prepared slides were processed through the series as follows : 

Carnoy's solution 10 minutes 

900/6 ETOH 1 minute 

70Y6 11 11 

50/06 11 it 

H20 it 

1% glacial acetic acid It 

E20 11 

acridine orange (=) 3 minutes 

PBS (phospho-buffered saline) 1 minute 

CaC12 a. a M1 second 

The slides were air dried and examined immediately for 

fluorescence under a UV light using a Zeiss microscope equipped with 

excitor I, and a Bainer filter number 53. Slides were also treated 

with RNAse for 5 minutes before being processed through the above 

series of steps. 

C) Histochemical tests on fresh material 

An analysis of the mounds of gelatinous material secreted by 

the palmelloid colonies growing on agar attempted to determine the- 

amounts of proteing carbohydrate and sugar presento 
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i) Protein assay (Lowry 2t 2ý1., 1951) 

150 pg of the gelatinous substance, including some cells, 

was removed from the agar culture plates, carefully avoiding the 

inclusion of any agar in the sample. The sample was measured into 

a test tube with a microlitre syringe and made up to 100 Ill. with 

water. 0.4 ml- of 109/6 (w/v) sodium deoxycholate was added to 

dissolve any membrane component. Then 5 ml. Na2CO3 (2% w/v) in 0.1 

NAOH, 50 91 CuS04.5H20 (19/6 w/v) and 50 41 sodium-potassium tartrate 

(2% w/v) was' added, mixed thoroughly and left to stand for 10 minutes 

at room temperatuxe. A 0.5 ml. 'aliquot of a mixture containing 1 

part Folin-Ciocalteau phenol reagent with two parts water was added, 

while mixing continuously with a Whirlmix vortex mixer. The test 

tubes were then left to stand for 30 minutes at room temperature. 

Optical densities were estimated at 600 m. on a SP 500 Spectro- 

photometer using bovine se rum albumen as a standard. 

ii) Assay of carbohydrate 

The Anthrone assay (Dische, 1962) method was used to determine 

the amount of carbohydrate present in the sample. Approximately 500 

pg. of sample was added to a test tube followed by 4 ml- of anthrone 

reagent (2Yo) in concentrated sulphuric acid. The tube was heated 

to 100 C for 10 minutes. When cook the optical density was estimated 

at 620 m. on a Unicam SP 800 ultr aviolet spectrophotometer and 

compared to that of glucose standards. The green colour appearing 

in the sample determined the amount of glucose present. Readings 

were then marked on a calibration curve. 

Saccharide analvsis by chromat)aTýýPýh 

A 150 Ag. sample was hydrolyzed in 1.5 N 112S04. A small amount 

of barium carbonate was added to neutralize the acid and then the 
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sample was centrifuged to settle out the barium carbonate precipitate. 

The sample was then mixed with a few grams of Amberlite resin 

(1R-120 (H) to de-ionizeq followed by Amberlite resin 1R-45 (OH). 

This mixture was then shaken in a rotary evaporator. Single 

dimension chromatography was applied (Smith, 1960). The end of a 

large sheet of Whatman No. 1 unwashed chromatography paper was 

serrated to allow the solvent to drip evenly off the paper. The 

chromatogram was run in a deep glass chromatography tank at room 

temperature with a solvent (Jarvis and Duncan, 1974) of ethyl 

acetate 50 ml., acetic acid 12 ml., pyridine 18 ml., and water 

10 ml. 3 ýLl aliquots of the above prepared sample were spotted on 

to the chromatography paper with a microsyringeg along with prepared 

samples of the control sugars : galactose, glucoseý mannoseq 

arabinose, xylose and ribose. Each spot was let dry for 10 minutes 

and then re-applied until a sufficient amount was judged. The 

chromatogram was sprayed with a solution of p-anisidine-HC1 in 

butanol and heated to 60 C. The spots were then marked-immediately. 

iv) Vital staining with neutral red 

A5 ml. sample of fresh culture material containing 

Cryptomonas cysts was placed in a watch glass with an equalvolume 

of a buffered neutral red stain solution and left for two hours. 

To determine if the stain was being taken into the cystsy drops Of 

the preparation were placed on a glass slideq covered with a cover- 

slipq and observed in the microscope under bright field and phase 

contrast conditions. During the two hour period random checks were 

made for evidence of uptake of the stain by the cysts- 

Preparation of the neutral red staining solution (Prescotto 

1972) was as follows : 
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To 80 ml. distilled water and 10 ml, 1/15 M ICý2PO 4 buffer, 

10 ml. of a 0.1% solution of neutral red stain. The 

final solution contains the vital stain in a concentration 

of 1: 10,000 at pH 8. 

Test for cellulose in cyst walls 

A drop of fresh cultuxe media containing Cryptomonas cysts 

was mixed with a drop of iodine solution (0.3 9. iodine, 1.5 9. 

potassium iodine, 100 ml. water) on a slide and left for several 

minutes. A cover-slip was then placed over the preparation and a drop 

of 75% H2SO 4 was diffused under the cover-slip (Johanseng 1940)- 

The M=kham technique 

The Markham technique (Markham. 1963) of imagz e=l=cement 

by step-printing was employed to accentutate photographic structural 

details seen in enlarged photographs. Calculations were made of the- 

average periodic distance and after a first exposure the photographic 

paper was moved exactly the calculated distance and exposed again. The 

resulting photograph is referred to as a one-step print. If the paper 

was moved a second time the calculated distance and exposed, the 

photograph is referred to as a two-step print. 

10. Diffraction of micrographs by laser 

Diffraction work was carried out on a Helium-Neon gas laser 

diffractometer at King's College, London. 'Photographs of the 

diffraction patterns obtained by placing transparencies of micro- 

gTaphs in the laser beam were taken with a 35 mm Leica camera on 

Pan F film. 
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Filtered diffraction images were created by masking the 

diffraction pattern with a filter on which the projected diffraction 

pattern had been copied scale-to-size by a metal punch. This filter 

effectively masked out all diffracted light except for the diffraction 

pattern. An extreme filtered image was obtained by taping a tiny piece 

of gauze over the central zero order pattern on the filter. 



CHAPTER I 

OBSERVATIONS AND COMPARISONS IN SPECIES OF CRYPTOMOXAS OF THE TEREE 

MORPHOLOGICAL STAGES : TEE MOTILE FLAGELLATE, THE NON-MOTILE 

PALMELLOID AIND THE WALLED CYST 

IYMODUCTION 

In reviewing the literature of the Cryptophyceae it became 

apparent that apart from aclmowledging the existence of the cryptophyte 

palmelloid state very little study has been done on the role played by 

the palmelloid and cyst conditions in the life history of the cell. 

Accounts of the Cryptophyceae mentioning the palmella stage (Fritschl 

1939; Huber-Pestalozzi, 1950; Butcher, 1967; Starmach, 1974) include 

only reproductions of illustrations from the earliest published accounts 
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of cryptophyte palmelloid cells by Senn (1900) and Davis (1904). Drawings 

of the palmelloid stage by Davis (1904) show four Cyanomonas americanus 

cells enclosed in a mucilaginous ring, while the drawings by Senn (1900) 

depict the palmelloid cells of Cryotomonas ovata as solitary "cysts" 

accompany- resting on top of stratified mucilaginous stalks. In the text 

ing his drawings, Senn (1900) described these illustrations as 

representing a condition "after the 'cysts' have broken and the skins 

pushed off". This observation has been referred to in later studies 

(Fritsch, 1935; Santore, 1975,1978) but not repeated until JavornickY 

and Hindak (1970) observed the splitting open of walled cysts of 

Cryptomonas frigoris. 

The early observation of the non-motile colonial palmelloids by 

Senn (1900)p Davis (1904) and Pascher (1911), gave Pascher reason to 

divide the Cryptomonads into two groups : motile and non-motile. Fritsch 

(1935) following Pascher's (1911) taxonomy, retained the division of the 

class Cryptophyceae in two orders based on motilityp the Cryptomonadales 

(motile) and the Cryptococcales (non-motile). This latter group was to 
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contain only one genusq Tetragonidiumv having irregularly tetrahedral- 

shaped vegetative cells, a true cell wall containing cellulose and a 

predominantly non-motile life history. The production of motile 

Chroomonas-like zoospores by these peculiar coccoid. cells apparently 

ensured a position in the Cryptophyceae despite the'presence of cellulose 

in the cell walls and an apparent lack of trichocysts. The palmelloid 

cryptophytes, although described by Fritsch (1935) as being commqnly non- 

motile, were considered to be only a temporary resting state and not a 

t true coccoid and thus were not included in the Cr"tococcales. 

In a report on phytoplankton by Huber-Pestalozzi (1950) there 

are references to the occurrence of palmelloid colonies in several 

species of. Cryptomonas. In a comparison with the palmella of Euglena 

virdis, qeitler (1951) observed that the point of origin of a orntophyte 

palmelloid colony could not be determined9contrasting with that of 

Euglena where cell division occurs in one plane. Geitler (1951) also 

reported agar-cultuxed ci-jptophyte palmelloid colonies to have a maxi= 

of four cells in a single gelatinous envelope, the cells remaining 

similar in appearance to the motile cells but lacking flagella. 

In a comprehensive study entitled Smaller Marine Algae of British 

Coastal Watersq Butcher (1967) considered the prevailing state of the 

marine Cryptophyceaetobethe motile form, but noted that certain species 

of Chroomonas could form a palmelloid or 'phaeoplaxt statet the latter 

name being derived from the previous placing of certain palmelloid- 

forming species in a separate genus, Phaeoplax. Butcher (1967) reported 

that palmelloid 'phaeoplacal colonies would form in abundance under 

cultural conditions in many species of Chroomonasp but he does not 

mention a similar observation for any other genera of marine 

Cryptophyceae. 

Pringsheim (1968) described cultL=: Lng motile Chilomonas cells 

from dried materials and proposed that true encysted stages Of ChI10"Onas, 
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although undiscovered, must occur. A similar observation includes 

an account of the culturing of Cryptomonas from dried soil samples 

(Evans, 1959), although the presence of Cryptomopas cells were not 

detected in thorough examinations of the soil samples beforehand. 

Evans (1959) proposed that the Cryptomonas cells must exist in a 

completely different state from the typical motile flagellate cells to 

have withstood the extreme desiccation of the soil samplesq some of 

which had been exposed to oven drying. At this point in time observ- 

ations of cryptophyte walled cysts were rare and their relevance in the 

life history nbt understood or taken specially into account. 

To date the most important and comprehensive study of the motilep 

palmelloid, and walled cyst stages in the life cycle of a cryptophyte 

cell is contained in a report by Javornicky and Hindak (1970). Their 

research on Cryptomonas frigoris recounts the life cycle of a crnto- 

monad whose predominant state of existence is as a non-motile cryophilic 

walled cyst living on the surface of the snow in the High Tatras mountains. 

Under controlled laboratory conditions Cryptomonas friýorisq in liquid 

culturep was observed in three morphological states : (a) motile 

flagellates (2) non-motile cells of flagellate form encysted in 

stratified mucous sheaths (the palmelloid state) (3) spherical cysts 

with thick membranes in unstratified mucous. Also accompanying the main 

stages were observed a number of intermediate or transition stagest 

Having observed division in cultures of CrYPtOmOnas fri 

javorn, icky and Hindak (1970) reported longitudinal division in the non- 

motile flagellate-like palmelloid cells to occur in the typical 

cryptophyte mann . er. Motile cells were also observed dividing, although 

Javornicky and Hindak stressed that this was apparently a rare occurrence. 

A most important feature in the Javornickýand Hindalk (1970) report is 

the description of the division of the protoplast within the spherical 

walled cysts. In detailed illustrations (Figs. 1 to 8) Javornicky and 
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Hindak traced the stages in the life history of C=jptomonas frigoris 

and proposed division occurs in the following sequence of events : 

1) the protoplast divides within the walled cyst to produce two 

daughter protoplasts 

2) the membrane (the outer thick wall of the cyst) covering the 

mother cyst burstsunder the pressure of the mucous sphere 

secreted by the daughter protoplasts 

the daughter protoplastsp still within the protection of the 

mucous covering, may either take on the elongated shape of the 

non-motile flagellate-like palmelloid and subsequently form the 

ramified colonies seen in Fig. 1, or, they can become round, 

develop a thick outer covering and become spherical cysts again. 

Javornicky and Hindak noted that the occurrence of division in 

the motile flagellate cells would discount them from being considered 

merely as zoosporesy and thus imply C. frigoris should not be assigned 

to the Cryptococcales. 

Having discovered the occ=ence of cell division in the walled 

cyst of C. frigoris, Javornicky and Hin&-tk (1970) initiated a 

comparison of these cysts to the newly acquired genus of the Crypto- 

coccalesý a spherical cyst-like coccoid, Blornbergiella hawiiensis. 

Bicudo (1966) described B. hawiiensis as being a predomonantly non- 

motile spherical cell with a cellulose containing cell wall covered in a 

gelatinous envelope; the cells adhering in packets or branched filaments 

and producing up to eight Cryptochrysis-like zoospores each. In 

concluding their comparison of this zoospore-producing coccoid the 

walled cysts., of C. frigoris, Javornicky and Hindak (1970) discredit 

Bjornbergiella because the zoospores, illustrated by Bicudo (1966) lack 

trichocysts and indicate the presence of a stigma. These featuresp in 

the opinion of Javornicky and Hindak, indicate more of a general 
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morphological resemblance to the Crysophyceae or Xanthophyceae than 

to the Cryptophyceae. It is interesting to note here that despite the 

doubt thereon on the creditability of Bjornbergiellats, position in 

the Cryptococcales, Starmach (1974) has included it with, Tetragonidium 

in his taxonomy of the Cryptophyceae. However, Starmach, in the same 

monographq reports the cyst walls of. Cryptomonas to contain cellulose 

although his reference, the Javornicky and Hindak (1970) report, does 

not mention the presence of cellulose in cyst walls. 

In an investigation by light microscopy Heynig (1976) reported 

the appearance of thick-walled cysts in cultures of C: r-rPtomonas 

rostratiformis SKUJA. He considered the cells, within their thick 

(2.0 to 4-0 4m) colourless gelatinous walls to be in a true resting 

state, very different from the palmelloid cells of C. ovata. 

Ultrastructure studies of species of Cry-otomonas in the palmelloid 

phase were initiated by Santore (1975,1978). In observations of thin 

sectioned material he described the mucilaginous investment encasing 

the cells as being composed of distinct layers of varying textures. He 

also noted that the Golgi vesicles of encysted cells were inflated with 

a fine fibrous material similar to that found in the mucilage envelopes. 

Santore (1978) proposed that the fibre-filled Golgi vesicles are 

conveyed to the gullet where they fuse with the contractile vacuolet 

their contents eventually discharged to provide one of the components 

of the ensheathing mucilage of the cell. The formation and discharge 

of other components composing the layered effect of the mucilage 

investment are not accounted for, although Santore speculated that a 

distinctive granular osmiophilic material, different from that seen in 

the Golgi vesicles, may have an alternative origin. 

There are no previous reports of electron microscopy studies on 

the walled cyst condition of the Cryptophyceaej although many 

oryptomonads must assume this morphological state with the exception of 
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the work (described above) of Javornicky and Hindak (1970) its 

existence has seemingly been ignored or misunderstood. While Heynig 

(1976) described the appearance of a Cryptomonas cyst without 
I 

commenting further upon it, Santore (1978) speculated upon its very 

existence. It is therefore hoped that the observations made at levels 

of light and electron microscopy- of the flagellatev palmelloidp and 

walled cyst states will give further understanding to the cytology of 

these three distinct states occurring in the life history of the 

Cryptophyceae. 

( 
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A COMPARISON OF THE XOTIlEv PALMELLOID AND CYST CONDITIONS 

. OBSERVATIONS 

PART I MOTILE VS. PALMELLOID 

MOTIIE FLAGELLATES 

The cytology of the Cryptophyceae has been comprehensively 

reported in previous literature (Butcher, 1967; Dodge, 196j; Hibberd 

et al., 1971; Santore, 1975). However, a brief review of cell 

organisation and compartmentation in motile cryptomonads is a necessary 

prelude to a comparison of the palmelloid and trve cyst forms. In 

longitudinal sections of Gryptomonas 58 (Fig. 9& 10) the organisation 

of the organelles into distinct compartments (Coombs and Greenwood, 197(Q) 

is clearly evident. An evagination from th-e cytoplasmic side of the 

nuclear envelope forms a ciste=a-. that encloses a sub-compartment of 

the cell, the periplastidial space, also referred to as the starch 

compartment (Greenwood, 1974). This compartment has its own ribosome- 

containing matrix in which the starch grains, nucleomorphs and plastids 

are embedded. The plastids are also in separate compartments, each 

bounded by an envelope of two membranes and filled with a ribosome- 

containing stroma within which the typically paired thyl4oids are 

arranged. The plastids are parietal, filling the outer parts of the 

starch compartment and almost in contact with its limiting membrane. 

Mound-shaped pyrenoids project from the plastids into the matrix of the 

starch compartment towards the interior of the cell. A single nucleo- 

morph, positioned close to the pyrenoid and limited by its own double- 

membrane envelope, is associated with each plastid. 

The peripheral cytoplasmv occupying a thin zone between the 

periplast plates and the chloroplast ER, contains mitochondria, 

c-4 body additional ER cisternae and small trichocysts. A single G0151 
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(Fig. 10), consisting of several stacked elements is positioned in 

the cytoplasm anterior to the centrally situated nucleus. Adjacent to 

the Golgi is the contractile vacuole, opening into the so-called gullet., 

The anterior part of the gullet is delimited by a fibrous band (Fig. 11). 

Deeper parts of the gullet axe lined only by the plasmalemm directly 

overlying rows. of large-gullet trichocysts. The flagellar bases, 
ý, *"Je inserted on the dorsal side of the gullet yj tubular components and rootlets 

associated with the flagellar bases (Fig. 129 139 14)- Longitudinal 

sections through the flagella (Fig. 13 & 14) display the characteristic 

termination of the central pair of axoneme tubules at the proximal 

septum of the flagelluml and the attachment of the latter to the flagellar 

membrane is usually marked by a slight constriction of the external 

I contour of the organelle. A short distance (5.0 nm) below is the distal 

septump which is confined to a small central position in the flagella. 

t PALMELLOID CELLS 

i) Liquid media cultures 

A large proportion of the motile cells of C=rptomonas 58,42 & S-1 

left undisturbed in liquid media for several weeks will change into the 

palmelloid condition. The gelatinous coverings of cellsq deposited in 

successive layers as stratified columns, are easily stained with toluidine 

blue or ruthenium red for observation in the light microscope (Fig. 15 

& 16). Palmelloid cells of Crntomonas 58 have either the bean-shaped 

outline of the motile cell (Fig. 15 & 16) or can appear more rounded 

(Fig. 17 & 18). Under pressure from the coverslip the cells are easily 

dislodged from their columns of mucin. Plastids, gulletq starch grains 

and trichocysts can readily be identified in palmelloid cells observed ih 

the light microscope. The flagella, typically wrapped around the cell 

0 
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inside the gelatinous envelope, are more difficult to locate but 

their presence was frequently observed in electron micrographs (Fig. 341 

37Y 95,96). 

Palmelloid cells resembling those of Crln)tomonas 58 were found 

in liquid media cultures of. Crntomonas 42 (Fig. 19 to 21) and 

Cryptomonas S-1 (Fig. 23 to 26). Comparison of Cry-ptomonas 58,42, and 

S-1. with the light micrographs of Cryptomonas friRoris (Javornicky and 

Hindak, 1970) show that similar palmelloid states may occur in four 

very different species of Cryptomonas. 

The shape of the palmelloid cells in liquid media cultures left 

undisturbed for over three months was predominently rounded rather 

than bean-shaped (Fig. 27 & 28). However, the rounded shape acquired by 

many palmelloid cellsp suggestive of the spherical walled cysts occasion- 

ally present in cultures (Fig. 25), was exposed in thin sections to be 

merely a rounding-out of the cells within the confines of the gelatinous 

envelopes (Fig. 32131-36). 

Division of palmelloid cells was found to occur in liquid as 

well as in agar media cultures (Fig. 29 & 45, respectively). Howeverv in 

liquid media the divided cells (Fig. 29) appeared often to be much 

smaller than neighbouring undivided palmelloid cells (Fig. 27 & 28). 

The newly formed daughter cells (Fig. 29) remain together in the same 

envelope for a brief period until they each deposit their own envelopes. 

< Electron microscopy of the stratified mucin secreted by palmelloid, 

cells (Fig- 34 & 35) shows that the long stratified colu=s formed in 

liquid media (Fi& 27) are constructed of many similar gelatinous 

envelopes deposited in repeating succession. Each envelope can. be 

observed in electron micrographs (Pig. 30 & 31) to comprise a wide 

inner layer (A) composed of a lightly-staining, fibrous-to-particulate 

material, and a densely-staining outer layer (B). A comparison of the 
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appearance of the mucin layers in electron micrographs (Fig. 30 & 31) 

and in light micrographs (Fig. 27 & 28) shows that the outer densely- 

staining layer B corresponds to the dark zone delimiting the outer 

periphery of each envelope visible in light micrographs. 

The mucilaginous envelopes are not typically deposited with the 

eveness of contour shown in fig. 30. The irregular shapes of individual 

mucin envelopes seen in several light micrographs (Fig. 15 & 23) are echoed 

in the electron micrographs (Fig. 31 & 33)- 

ii) Agar-cultured palmelloid colonies 

Previous studies (Geitler, 1951; Javornicky and Hindak, 1970) 

in which palmelloid colonies of species of Cmtomonas were cultured on 

solid agar media are substantial evidence that the palmelloid condition 

can be an actively growing vegetative stage, and not as a rule merely a 

temporary resting state as reported by Santore (1978) to occur in 

cultures of tom6nas 4. In this study the growth and development of 

palmelloid colonies of Cryptomonas 58,42 and S-1 were observed over a 

three-year period. The use of clear plastic petri dishes, into which the 

agar media was poured, was essential for long-term microscopical 

investigationsl enabling the cells to be viewed and photographed through 

the base of the petri dish without disturbing or removing them from the 

culture. Individual cells, selected and marked in wax pencil circles 

on the underside of the petri dish, were kept under observation over a 

period of days allowing stages of division to be detected and studied 

in situ, a feat not possible in liquid media cultures. 

Motile cells, inoculated into solid agar culture mediag adapted 

within a day to their new environment conditions by the immediate 

secretion of a gelatinous extracellular material. Within a week small 

palmelloid colonies could be found beginning to spread out over the agar 

(Fig- 38)- During the following weeks the cells became increasingly 
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numerous and massed together (Fig. 39) building colonies upwards 

into gelatinous mounds. 

Electron micrographs (Fig. 40 & 41), prepaxed from material 

similar to Fig. 39Y give a clear picture of the cells within their 

gelatinous envelopes. Not having the space and support of a fluid 

environment in which to form the long stratified columns typical of the 

liquid media-cultured palmelloid cell, the agar-cultured palmelloid 

deposits its repeating envelopes of mucin in concentric shells expanding 

outwards in succession from the cell. The cells remain for some time 

after division within the original mother envelope (Fig. 41), each 

depositing around itself one or more complete envelopes before dividing 

again (Fig. 40). Evidence of repeated cell division in a small colony 

and the relationship of individual members can be traced through the 

varied limiting boundaries of the encircling gelatinous envelopes. 

PALMELLOID CELL DIVISION 

Although the Cryptophyceae are not the easiest algal group in 

which to monitor a study of cell division, the repeated observations 

made on individual agar-cultured cells enabled, a brief investigation of 

the rate of cell division in Cryptomonas palmelloid colonies. Figures 

42 and 44 are representative of many small colonies kept, under observ- 

ation during a two-week period. After three days (96 hours) of regular 

observations, the cells in Fig- 42 did not show any signs Of further 

division (Fig- 43), although one cell did become expelled from the mother 

envelope possibly as a result of the continuous mucin secretion. In 

contrastv neighbouring cells in the same agar culture divided during 

the second day (48 hours) of study (Fig. 45). Howeverv not all the 

cells within the same gelatinous envelope'(Fig. 44 & 45, arrows) divided 
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showing that divisions within a small colony are not necessarily 

synchronous. Further, no regular time pattern was found for cell 

division of C tomonas 58,42 and S-1 under these culture conditions. 

Sections of dividing palmelloid cells (Fig- 46 to 51) reveal 

division to occur longitudinally in the manner described for motile 

cells (Oalcley and Dodge, 1967; Oakley and Bisalputraj 1977). Cyto- 

kenesis is by a process of constriction, visible first in l. s. as an 

invagination in the anterior gullet region (Fig. 46) which later extends 

further towards a corresponding furrow advancing by invagination from 

the posterior end of the cell (Fig. 47,48 & 49) to meet eventually at 

its centre (Fig. 50 & 51). - 

A comparison of protoplast division in longitudinal and transverse 

sections of the corresponding motile form (Fig. 52 - 53 and 54 - 55 

respectively) reveals that the cells retain a smoothly streamlined 

exterior throughout division contrasting with the more irregular profiles 

of the dividing palmelloid cell. The continuous motion of the motile 

cell may require a smooth hydrodynamic exteriorg perhaps not essential 

for the stationary palmelloid. The physical separation of the protoplast 

in the motile cell might be aided by the twisting and turning motion 

typical of an active motile cell, and contributingg perhaps to faster 

progress of cell constriction in the motile compared to the palmelloid 

phase. Supportive evidence for the suggestion that cytokenesis in agar- 

cultured palmelloid cells is slower than in motile cells is found by 

the frequent presence in palmelloid colonies of laxge swollen cells 

(Fig. 56). These swollen cellsdisplaying duplication of organelles and 

trichocysts, frequently lack evidence of. any cleavage furrows and may 

therefore represent cells retarded in early stages of cytokenesis. In 

a corresponding light micrograph (Fig. 44), enlarged cellsq similar 

to Fig. 56, were observed to retain this swollen state, maintaining the 

contour of an apparently single cell for 48 hours before actual proto- 



52 

plast separation was visible (Fig. 45).. After division, the two bean- 

shaped daughter cells (Fig. 57, and corresponding light micrographp 

Fig. 45) remain close together within the enclosing envelope of the 

mother cell, each later depositing its own mucin envelopes. 

COMPARATIVE OBSERVATIONS OF ORGANELIES IN THE PALMMLOID CELL 

Ultrastructure studies of the palmelloid cells of, Cry-ptomonas 

58,42 and S-1 reveal the cytology and cell organisation to be similar 

in its essentials to those of corresponding motile cells,, Q. 1though some- 

differencesq particularly in sections of agar-cultured cellsy were 

evident,,. in some of the organelles described below : 

Mitochondria - In young (i to 8 weeks) agar-cultured palmelloid 

coloniesp the mitochondria in all strains examined display characterist- 

ically the flattened finger-like cristae (Fig. 58) similar to those of 

motile cryptophytes. Branching profiles of the mitochondria often 

reveal abrupt changes in shape (Fig. 59, arrows) particularly where broad 

regions turn into thread-like extensions (Santore and Greenwood, 1977) 

which ramify throughout the cell, surrounding vesicles and lipid bodies 

(Fig. 60 & 61). The cristae in older (four to eight months) agar- 

cultured material are more rounded in shape (Fig. 62 & 63). In older 

cultures abnormal or deformed mitochondria frequently occur (Fig. 64). 

Chloroplasts - Young, agar-grown palmelloid Cryptomonads show in 

sections the tYpical arrangement of the thyalkoids stacked in pairs 

(Fig. 65) or groups (Fig. 66 & 71) similar to those in motile cells. 

Figures 65 and 66, sections of material similarly fixed in the 

standard glutaraldehyde/osmic acid method, demonstrate in different 

strains the variable retention of stainable material in the thylakoids- 
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In Fig. 66 the thylakoids have less densely stained contents than 

those in Fig. 65v but their membranes are more densely stained where 

they form the interfacing surfaces of pairs or stacks. This density 

is caused perhaps by the retention on those membranes of a remnant of 

phycobiliproteins and other contents that have otherwise leached out 

from the interior of the thylakoids (Coombs and Greenwoodt 1977) but 

could possibly include a specific membrane bonding substance or show 

sites made stainable by surface interactions in these parts of the 

membranes (Greenwood, in personal discussion). 

In material prepared from fixations incorporating ruthenium red 

(Fig. 67) or a "Dimer'l (Fig. 68) of similax chemical nature (materials 

and methods)v with glutaraldehyde and a standard osmic acid post- 

fixation, a heightened stain contrast was evident, paxticulaxly in 

regions of thylakoid contact. The use of the "Dimer" (Fig. 68) gave clear 

Itramlinel unit membrane profiles with additional electron density in 

interthylakoid regions between the closely apposed surfaces of paired 

. membranes. The additional staining appears to extend within the 

thylakoid suggesting that the increased scattering power could relate to 

some constituent particulax to the apposed regions of the membranes that, 

extends through the interfaces to account for increased staining on both 

sides. A further fixation methodtiAlith ruthenium red as above but without 

osmic post-fixation, produced accentuated staining of'the ribosomes in 

the plastid stroma and a heightened contrast of the interthylakoid 

material even in the absence of the normal membrane staining'effected 
I 

by osmium tetroxide (Fig. 69). 

In material cultured on agar for up to 8 weeksp the numerous 

thylakoids in palmelloid cells are packed closely together in the plastids 

(Fig. 69 & 70). Howeverp in older cultures (three months onwarQ of all 

three species examined, the thylakoids are sparsely distributed in a 

varied range of configurations separated by large stroma-filled regions 

(Figs. 75 & 83) giving the plastid a degenerate appearance. Although 
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the membraneous envelope appears little changed, the stroma is 

vacuolated, often extensively, by numbers of variously-sized vacuoles 

(Fig. 729 759 76 & 77); large vacuoles are probably formed by 

amalgamation of smaller ones (Fig. 72 & 75). These vacuoles are 

associated with other irreguldrities, some appearing to be modified forms 

of thylakoids (Fig. 73 & 74) and others as large membraneous configurations 

of folded and concentrically layered cisternae (Figs. 78,80 & 81). 

Faceted para-crystalline aggregates of material (Fig. 82) have been 

observed constrained within distended thylakoids. These bodies might 

represent high concentrations of specific macromolecular materials, more 

likely to be mainly of lipidic or proteinaceous rather than carbohydrate 

nature. Similar hexagonal crystalline bodies, closely associated with 

the granal and fret membranes, have been reported to occur in Macadamia 

chloroplasts (Price and Thompson, 1967). Although their significance 

was not determined it was suggested that they were possibly a storage form 

of excess protein or lipoprotein. 

Golgi body - The Golgi body appears to be the most prominent and active 

of all the organelles in the palmelloid cell. Instead of the one or two 

Golgi systems present in the motile cell, palmelloid cells possess as 

many as ten Golgi bodies (Fig. 84). The palmelloid cell Golgi demonstrate 

the simultaneous production of a remarkable number of different products 

from each complex. Greatly inflated Golgi vesicles, filled with fibrous 

materials similar to those comprising the extracellular deposits (Fig$-85t, 

86,97 & 99) contrast with the rather small and compacted Golgi 

cisternae of the motile cells. 

Golgi bodies frequently display curious knot-like membranous 

configurations positioned centrally in the complex (Fig. 87 to 89). The 

surrounding cytoplasm is generally filled with numerous small Golgi- 
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derived vesicles containing one or two tiny ring-like structures 

having profiles suggestive of tubulax mastigonemes in transverse 

section (Fig. 90,90a & 91). 

Flagella and mastigonemes - Palmelloid cells contain greater n=bers 

of developing mastigonemes than is typical in motile cells (Fig. ? 1,93, 

94 & 95). Mastigonemes of Cryptomonas have been reported to originate 

in the ER cisternae or perinuclear space (Heath et al., 1970). However, 

the coincidence of the numerous Golgi-derived vesicles containing tiny 

ring-like structures and the large numbers of developing mastigonemes 

present in the ER of palmelloid cells suggests mastigonemes might originate 

in the Golgi and be later conveyed to the perinuclear space (Fig. 91 & 

92) to continue development. Sections of palmelloid cells often reveal 

flagella, curled around the cells inside the gelatinous envelopes, 

displaying attached mastigonemes (Fig. 95 & 96). 

FORMATION AND DEPOSITION OF PALMELLOID EXTRACELLULAR MATERIALS 

The layered or stratified appearance of the extracellular 

material encasing the palmelloid cells has been described earlier as 

resulting from the repeated deposition of separate envelopes of 

mucliaginous material (Fig. 97 & 97a), each composed of two layers of 

different textures, an inner pale-staining, fibrous layer A, and an 

outer densely-staining layer B. Previous studies of encystment in a 

variety of algal groups have established that some extracellular materials 

involved in outer wall deposition originates in Golgi-secreted vesicles 

(Evans et al., 1974; Santore, 1975; Cavalier-Smith, 1976; Andersong 

1977). In agreement with these observations, sections of Crrptomonas 

palmelloid cells show the migration of fibre-filled Golgi vesicles to 
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the gullet region (Fig. 97) where they break open to release a lightly 

staining fibro-particulate material (Fig. 97,97a, 97bt 970) which is 

deposited as a characteristic and major component of layer A. 

Examination of enlarged sections of stratified mucin (Fig. 97by 97c 

and 98) emphasizes the differences in texture and staining density 

of the two layers. The very different and more particulate character 

of layer A in Fig. 98, in comparison to the fibrillar appearance it 

has in Fig. 
197b 

& c) is indicative of variability in the formation and 

secretion of extracellular materials. 

Although each envelope appears to be constructed primarily of 

the two layers A and B, these are of heterogeneous composition and 

investigations reveal the production of at least four different materials 

contributing to the constitution of the envelope. All the extracellular 

materials seem to emerge, in one way or another, from the gulletq in 

agreement with the findings of Santore (1978)v and not through the 

plasma membrane as has been reported to occur in Fucus (McCully, 1968). 

Extracellular materials comprising the mucilaginous envelopes are : 

1) 

2) 

A fibrillar commonent, observed in Golgi cisternae and vesicles 

(Fig. 97), associated with a densely-staining, finely particulate 

substance coating the fibres, or aggregated into small globules 

as though having a semi-fluid nature. When released from the 

cell this fibrillar material (Fig. 114, arrow) becomes evenly 

incorporated into the surrounding envelope currently undergoing 

deposition (Fig. 113). 

Vesicles filled with small densely-staining particles, but 

lacking fibres, become detached from the plasmamembrane (Fig. 

100, arrow) in the area of the contractile vacuole and emerge 

from the gullet (Fig. 101). Similar ve6ioles are often found 

distributed around the external surface of the cell inside the 
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envelope (Fig. 101,102 & 115). These vesicles and their 

contents become incorporated into the investment during deposit- 

ion of the c urr ent layer, either A or B as may be the case 

(Fig- 104)- In Fig. 98 membrane fragments trapped in the 

mucin probably represent the remnants of these vesicles. 

3) Small electron dense lipid-like particles, massed in the cytoplasm 

of the cell in the region of the contractile vacuolep appear to 

be expelled directly as small drops or globules of material 

(Fig. 105). After expulsion from the cellp these drops seem to 

cohere into larger bodies resembling masses of myelin-like 

material (Fig. 106,107 & 108). This material later appears to 

break up and become incorporated into the envelope (Fig. 97Bv 

109 & 110) to constitute the evenly distributed material 

typically present in the densely-staining layer B (Fig. 111). 

Changes in surrounding environmental conditions (discussed below) 

can dramatically alter the volume of this material (Fig. 112A to 

112D). 

A homogeneous substance, possibly a thick fluidq may also 

originate from the small Golgi-derived, talveolarl vesicles which 

can be observed in association with the limiting membrane of the 

contractile vacuole (Fig. 100). This substance was observed in 

sections of material prepared using a fixation method lacking an 

osmic acid post-fixation but incorporating Ponceau S into the 

glutaraldehyde (Fig. 165). Ponceau S (Materials and Methods), 

a stain for basic amino acids, appears to bind to this substance 

indicating the possibility that it is proteinaceous. This fluid 

substance might help in some way to bind together the other 

extracellular materials. A fluid substance of similar appearance 

is released during cyst wall deposition (Fig. 166)0 
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Effects of changes in su=ounding environmental conditions on 

deposition of extracellular materials 

Although the secretion and deposition of the above listed 

materials appears to occur in alternating sequences, particularly the 

lightly-staining fibrous material and the densely-staining globular 

material, an intensive survey of sectioned Cry-ptomonas 58,42 and S-1 

palmelloid cellsq from both agar and liquid media cultures, revealed 

that deposition of extracellular material occ = ed in = erous variations 

of layer volumes and textures. In some examplas (Fig. 115, arrow) at 

least three different types of extracellular materials were seen to be 

deposited simultaneously. If the normal process of capsule (envelope) 

wall layer synthesis is to be considered a "dependent fixed sequence" 

(Hartwell, 1974; Cavalier-Snith, 1976) in which synthesis and/or 

secretion is "switched on and off" for the production of each layer, it 

is suggested that changes in surrounding enviro=ental conditions could 

alter the production sequence. Deviations from the normal culture 

conditions might prevent "switching off 11, resulting in the over-production 

of the current layer in deposition and the loss of the following layer. 

Evidence to support this suggestion was found in sections of material 

cultured under two different environmental conditions. Agar-cultured 

colonies which were left to gradually air dry showed an increase in 

production of the densely"stainir: g layer B which paralleled the increase 

in culture dryness (Fig. 112 & 112A to 112D). In Fig. 112A, the most 

currently deposited envelopes consist only of the densely-staining layer 

B (arrows) and lacking the lightly-staining layer A, whereas earlier 

successive envelopes, deposited prior to the dryingo show the more typical 

alternations of layers A and B. The deep crenulations present in the 

envelopes of cells taken from drying cultures are probably the result of 

shrinking in the materials incurred by dehydration (Fig. 112). 
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In contrastg the reverse situation was found to occur in agar- 

cultured material kept'under very humid conditions (Fig. 113 to 115). The 

over-production of the lightly-staining fibrous layer Ap to the detriment 

of layer B, gives the successive envelopes an almost homogeneous fibrillar 

appearance. It should be noted that although a distinct alternation of 

different layers of material is lacking, two other types of extracellular 

mater'ials are being deposited slioul taneously to the fibrillar material 

(Fig. 115, arrows). 

CEEMICAL ANALYSIS OF EXTRACELLULAR PRODUCTS 

i) Saccharide analysis by paper chromatography (Jarvis and 

Duncan, 1974) 

Samples of extracellular material was carefully removed from 

the agar-cultured Cry-Ptomonas colonies and prepared for sugar separation 

by paper chromatography (Materials and Methods). The resulting 

chromatogram. (Fig. 116) showed the sugars present in the culture sample 

to have sepaxated out in the following descending order : galactose, 

gulacturonic acidg arabinose and xylose. 

ii) Protein Assay (Lowrey et al., 1951) 

A 100 gl sample of prepared extracellular material (Materialsl 

I 
and Methods) produced an optical density reading of . 345 in the Unican 

SP 500 spectrophotometer. This reading, calibrated against an optical 

density reading. of 1.0 for a 100 pl control sample containing'200 Vg-bovine 

serum albumen (BSA), gave 
ý 

value of 82 Vg. protein per 100jculture sample. 

iii) Anthrone Assay for carbohydxates (Dische, 1962) 

1 ml samples of the extracellular material from palmelloid 

colonies were mixed with 4 ml of 2% Anthrone solution in concentrated 
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H2 SO 4 and boiled (Materials and Methods). The solution turned from 

green to dark blue during the boiling process, indicating the presence of 

a high concentration of carbohydrate. 

A 100 pl. sample of prepared culture material produced an optical 

density reading of 0.9 in the Unicam, SP 800 spectrophotometer. This 

readingg calibrated against a reading of 1.5 for the control sample 

containing 200 gg. dissolved glucose, gave a content of 170 gg. carbohydrate 

per 100 pl. sample, a value twice as great as that of the protein found in 

an equal volume. 

PONCEAU S STAINING OF EXTRACELLULAR MATERIAL 

Ponceau S (described above) binds with a fluid-like extracellulax 

substance (Fig. 164)- Sections of material, prepared in fixations 

incorporating Ponceau S and lacking an osmic acid post-fixationo revealed 

an apparent affinity of the outer densely-staining layer B for the protein- 

bonding Ponceau S stain (Fig. 117 to 119). Layer A was appazently 

unstained. 

ALCIAN BLUE STAINING OF EXTRACELLULAR MATERIAL 

Sections of material, prepared in fixations incorporating Alcian 

blue, with and without an osmic acid post-fixation (Fig. 120 & 121V 

respectively)v were compared. The electron density of the particulate 

extracellular materials produced in the absence of osmic acidq indicated 

an affinity of these components with Alcian blue, a stain typically used 

to detect mucoPolysaccharides (Luftq 1971). 

CONTAMINANTS 

During the initial search for walled cysts in agar-cultured 

CrYPtomonas coloniesp several unidentified contaminants (Fig. 122 & 123)9 
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appearing distractingly similar in size and outer wall covering to the 

Crntomonas walled cystg were frequently encountered. 
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PART II WALIED CYSTS 

Light microscopy 

Mphasic liquid media cultures of Cryptomonas 58,42 and S-1 

were found to contain three distinct morphological states : motile 

cells, palmelloid cellso and walled cysts. All three species examined in 

the light microscope revealed a large number of different forms of cyst 

existing simultaneously in each culture. Some of these cyst forms may 

be transient cyst stages similar to those reported to occur in liquid 

media cultures of Cryptomonas frigoris (Javornicky and Hindak, 1970) 

but as this, report did not include descriptions or illustrations of 

transient stages, a comparison cannot be made. The great variety of 

walled cyst types that may be observed within a single section of 

cultured material (Fig. 180 to 190), exemplified the magnitude of the 

task of characterising all the different forms of cyst encountered in 

these studies and further identifying distinctive types associated 

with particulate physiological stages in the life history. 

At the beginning of this study the culture technique to producev 

in the species of Cryptomonas under investigation, a uniform population 

of any one type of cyst was unknown. Thus the initial problem was to 

identify features that distinguish the vegetatively active forms of 

walled cyst from the assortment of transitional stages and dormant or 

resting stages. 

Cvjptomonas frigoris, a species reported to exist predominantly in the 

walled cyst conditiong actively growing and dividing in this state 

(Javornicky and Hindak, 1970)9 provided a valuable model in identifying 

a standard type of vegetative cyst common to species of Crwtomonas. 
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Walled cysts, identical in appeaxance to the vegetative phase 

cysts of C. frigoris (Javo=: Licky and Hindak, 1970, Fig. 1 to 8) were 

found in cultures of Cryptomonas S-1 (Fig. 124), Cryptomonas 42 (Fig. 125 

to 128) and Cryotomonas 58 (Fig. 129,131 & 132) indicating that a 

uniform type of walled cyst condition occurs in several widely diverse 

species of Cryptomonas. 

Examination of this form of ceH in the light microscope (Fig. 124) 

reveals a rounded and condensed protoplast within a spherical translucent 

outer wall. The width of the outer wall is approximately 0.8 ý=., although 

the dimensions of the cyst wall varies considerably from cyst to cyst. 

The inner face of the cyst is darkly outlined (Fig. 124 & 129, arrows) 

by a thin border of densely-staining material (Fig. 130). Apart from 

identifying starch grains and plastids, the compressed state of the cell 

limited the ability to distinguish the various organelles or detect 

the presence of trichocysts and flagella. 

Enormous variation in the sizes of vegetative phase cysts was 

found to occur in the culture samples examined. The diameters of 

Cryptomonas 42 cysts were found to vary from 5.0 pm. to 25[LM., the largest 

cysts being almost three times the size of a motile cell (Fig. 125Y 1260 

155 & 156). Also present in Cryptomonas 42 culture samples were cyst 

forms resembling those illustrated for C. rostratiformis (Heynigg 1976) 

displaying a smaller more compressed (or shrunken) protoplast inside a 

thickerv translucent cyst wall (Fig. 126,127 & 139). Similar such 

cysts were also found in culture samples of Cryptomonas 58 (Fig. 133 to 

136) and Cryptomonas S-1, (Fig. 137). Electron microscopy investigations 

were needed to prove that these cysts were indeed Cryptomonas cysts 

and also to determine the precise differences between these cysts and 

cysts in the more standard vegetative phase. 
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The capacity of cysts for active transport was investigated by 

treatment of culture samples with a dilute solution of neutral red 

(Materials and Methods). Three hours after the addition of the vital 

stain to a small culture sample, dark red drops of greatly concentrated 

stain could be seen in the cytoplasm of the vegetative walled cysts 

(Fig. 125Y 125A9 125B and 128) showing that the thick cyst capsule was 

not an impenetrable barrier to substance dissolved in the surrounding 

media. Examination of'different cyst forms present-in ýhe sample-showed 

S4, ve_ did not take up any of the stain (Fig. 127) while ý, othe3s took 

up only a very small quantity., This demonstrate-S that either their 

metabolic rate is much slower, indicating that they are possibly a dormant 

or resting cyst form, or alternatively, their thicker capsule walls have 

a greater degree. of impermeability to external substances. Comparable 

sections of such cysts show some to appear as healthy viable cells 

(Fig. 139 & 140),.. although displaying in some sections a very compressed 

protoplast (Fig. 141 & 142) while others seem to have degenerated 

(Fig. 137 & 138). 

Walled cysts, isolated from cultures of Cry-otomonas A2 and left 

to air dry on glass slides, were observed over the period of a week in 

progressive stages of dehydration (Fig. 1399 141 & 143). The protoplasts 

of completely dry cysts (Fig. 143 & 144) remained within the capsule. 

Although appearing slightly wrinkled both capsule and protoplast show 

little loss in size or shape. The re-culturing of dried cysts was not 

seriously attempted in this study. 

Cysts of Cry7ptomonas frigoris were reported to have a Naupas 

corpuscle (Javornicky and Hindak, 1970). por comparison, cysts of C. 42 

were examined in polarized light. Birefringent bodies observed in 

cysts of C. 42 (Fig. 147, arrow) and C. 58 (Fig. 1312 arrow) appear 

similar to the Maupas coruscles (MC) present in motile cryptomonads 

(Fig. 145P 145A9 146 & 146A). 
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Another light microscopy techniquel Nomarski differential 

interferencev was employed to gain further information about walled cysts. 

Although the resulting micrographs (Fig. 133 & 135) are interesting they 

do not reveal any special features. 

Starmach (1974), in his monograph on the Cryptophyceae, stated 

that CryptomonasIcysts have a cellulose cell wall although his reference 

for the typical characteristics of the Cryptomonas walled cyst, the 

Javornicky and Hindak (1970) report, contains no information of the 

presence or absence of cellulose in cyst walls. Using the iodine/ 

sulphuric acid method (Materials and Methods), tests were made on culture 

samples to determine if cellulose was indeed present in the cyst walls. 

Cells and outer cyst walls became stained a yellow-orange after the 

prepared iodine solution was added to a culture sa-mple (Fig- 148)- 

Subsequent diffýision of a few drops of concentrated sulphuric acid under 

the cover-slip further stained the cells and outer cyst walls a deep 

red-orange. These tests were repeated many times but there was 

absolutely no evidence of the blue colour, indicative of the presence 

of cellulose, in the cyst walls or elsewhere. A swelling of substances 

inside the capsule, incu xre d by the sulphuric acid, produced a halo-like 

effect around the cell (Fig. 149). 
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PART III ELECMON MICROSCOPY OF WALLED CYSTS 

SECTION A- CRYPTOMONAS 58 

A section of a tomonas 58 walled cyst (Fig. 150) similar to 

light micrographs Fig. 129 and 131t shows the solidly constructed 

spherical capsule containing a stainable matrix, or fluid, in which the 

protoplast is suspended. Rounded and compressed within the confines of 

the cyst wall, the cell appears much altered in comparison to the bean- 

shaped outline, of the motile flagellate and palmelloid cells. The 

accumulation of numerous starch grains and vast lipid deposits in cyst 

protoplasts (Fig. 150Y 151 & 161) contribute to the distortion of cell 

organisation. The two chloroplasts, generally prominent and voluminous 

in the motile and palmelloid cells, occupy a much reduced fraction of 

cell volume in the cyst protoplast and are crushed towards the periphery 

of the cell by the massive increase in starch and lipid reserves which 

deeply invaginate the pyrenoids (Fig. 161) and engulf other cell components. 

The disection of the cytoplasm and the compression of the, organelles into 

small spaces between the lipid masses, generally obscures structural 

details and precludes detection of nucleomorphs. 

The peripheral layer of cytoplasm, generally found between the 

plastids and the periplastp is so considerably reduced in thickness that 

the plastid envelope lies almost in contact with the plasmamembrane. 

Examination at high magnification (Fig. 152v 159 & 160) fails to reveal 

periplast plates or evidence of any other supporting structures under- 

lying the plasmamembrane. This deficiency in the limiting layer of the 

protoplast accounts no doubt for the loss of cell shape. 

large gullet trichocysts are seemingly, absent in these mature 

vegetative cyst forms (Fig. 150Y 1519 161 and 170 to 172) but are not 
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as a rule totally absent from walled cysts (Fig. 224,233 & 236). 

Peripheral trichocysts are still present to some degree in most cyst 

forms (Fig. 152,158 & 179) as are the peripheral mitochondria (Fig. 161), 

brat compared to motile and palmelloid cells both peripheral trichocysts 

and mitochondria, are extremely reduced in numbers and the mitochondria 

are particularly reduced in size. The mitochondria of walled cysts seem 

to have migrated towards the centre of the cell, becoming gTouped around 

the nucleus (Fig. 153), in parallel'arrays (Fig. 168). The mitochondrial 

cristae, although displaying the characteristic flattened finger-like 

profiles, are few in number (Fig. 154). 

The cyst nucleus (Fig. 1509 151 & 161) is smaller in relation to 

the total cell volume than its counterpart in the motile cell. Howeverp 

considering the huge bulk of the protoplast, occasionally swollen to a 

size three times that of motile cells (Fig. 163 & 164), the nucleus has 

probably not suffered any significant loss in absolute volume. 

The single Golgi body, centrally situated in the cyst protoplast 

(Fig. 161) appears very flattened and compressed (Fig. 156) in comparison 

to the numerous inflated Golgi of the palmelloid cells. Detailed 

examination of the cyst Golgi shows an active production of small Golgi 

vesicles. The appearance of the solidly spherical cyst capsule (Fig. 

150 & 161) would seem to suggest that its construction is complete, thus 
J'ý e. 

- indicatingýfurther extracellular productivity from the Golgi is not 

necessary. Howeverf if material for cyst wall deposition is still 

requiredv even if only in small amountst the much reduced size of the 

Golgi indicates that the volume of extracellular material produced must 

be very limited in comparison with that in corresponding palmelloid cells. 

The occurrence of flagella in mature vegetative walled cysts is 

rare, although they are present in certain stages of cyst development 

(Fig. 205A, 205 & 221). However, tubular mastigonemes (TM) found in the 

perinuclear spaced of mature vegetative cysts (Fig. 151 & 153) show that 

the production and release (Fig. 157 & 158) of these components is 
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continuous even in the absence of flagella. Also, polyribosomal-like 

configLzrations (Fig. 155), similar to those commonly found in the 

immediate vicinity of dividing nucleomorphs (see Nucleomorph chapter, 

Fig. 5), were occasionally observed in the periplastidial matrix 

although the mcleomorphs themselves were not readily observed. 

SECRETION OF EXTRACELLULAR MATERIALS AND DEPOSITION OF CYST WALL 

In contrast'to the multi-layered investment of the palmelloid 

condition, the cyst capsule is a singulax structure. The obvious 

difference in these two types of gelatinous encasements initially 

suggested that each may be composed of fundamentally different materials. 

Close examination of the cyst wall shows it to be composed of fibrous 

and particulate components, similar in appearance to the palmelloid 

extracellular materials, but more firmly compacted into a distinctive 

well-defined spherical shell, contrasting with the looselyý-deposited 

and irregularly-shaped palmelloid envelopes. 

Examined at high magnification the matL=e cyst wall (Fig. 152 ' 

& 160) has well defined inner and outer limiting surfaces and its basic 

structure is typically comprised of three distinct zones : (1) an outer 

slightly"staining layer of firmly compacted minute particle6 which 

grades into (2) a middle layer composed of moderately electron-dense 

fibrous-and-particulate material followe4by (3) a narrow layer of densely" 

staining particulate material forming the inner face of the cyst 

capsule. The precise composition and amounts of material can vary 

enormously at different stages of development (Fig. 167 
, 

168 169), 

Environmental factors must play some role in determining variations in 

wall deposition, although they cannot alone be responsible for the several 

distinct types of cyst capsules that may be found to occur simultaneously 
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in a single culture sample (Figs. 180 to 190). 

A series of sections through the gullet region of a walled cyst 

(Fig. 161 to 164) shows the release from the gullet of a denselyý-staining 

lipid-like material (Fig. 162). This material is similar in appearance 

to the densely-staining material secreted from the gullet region of 

palmelloid cells (Fig. 107 & 108) and also coagulates into massed lumps 

of material (Fig. 163 & 164) which later is dispersed (Fig. 157) and 

evenly deposited onto the inner face of the cyst capsule (Fig. 150 & 161). 

This densely-staining layer of material is only produced and deposited 

once in the formation of the cyst capsule, as are the other layers of 

extracellular materials comprising the cyst capsule, contrasting with 

the many repeated, alternating layers deposited in the formation of the 

palmelloid envelopes. 

A lightly-staining fluid substance is also released through the 

, --let of the cyst (Fig. 166). This almost translucent-substance might 

act as a cementing agent for the other extracellular constituents of 

the cyst wall, or perhaps aid in their appropriate dispersal within the 

capsule. A substance of similar appearance (Fig. 165) is released from 

the gullet of palmelloid cells. This material was shown to have an 

affinity for the protein stain Ponceau S discussed above in Part I. 

CYST WALL =OSITION IN RELATION TO STAGES OF CYST DEVELOPMENT 

In the early stages of cyst capsule formation (Fig. 167) the 

outer layers of the cyst wall seem to lack the more solid_compacted 

construction typical of mature cysts (Fig. 150P 151 & 161). In newlyý- 

forming cysts such as Fig. 1679 the inner denselyý-Staining layer of the 

cyst wall, characteristic of most cyst capsulest is barely discernable 

closely appressed to the protoplast. The protoplast of this Young cyst 
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(Fig. 167) completely fills the interior of the capsule and its 

organelles are not yet compressed by lipid and starch reserves. In 

comparisong sectionSof a young cyst in a slightly later stage of 

development (Fig. 168 & 168A) show the outer layers of the cyst wall 

to appear more compactly structured and having a greater volume of the 

densely-staining inner layer of material, 'Uncompacted in a loose net- 

work. Fig. 168 also shows the plastids and mitochondria to be more 

'compressed to accommodate the increased size of the lipid deposits. 

The protoplast in Pig. 168 completely fills the cyst capsule, whereas in 

a different cyst (Pig. 169) possessing a similar type of cyst capsulev 

the protoplast is reduced in size and has shrunken away from the capsule. 

This latter cyst form may be developing into a tresting' cyst stage, 

but without first acquiring the characteristic solidlyý-compacted 

spherical cyst capsule. 

In maturing cysts the gradual breakdown of the starch grainsq 

which goes in step with the production of the lipid reserves and extra- 

cellular materials, was traced from the initial appearanceg on-individual 

starch grains, of small patches of erosion (Figs. 170 & 171, arrows) 

and their extension into deep grooves (Fig. 172, arrow) to the final 

stages in the dissolution of the starch (Fig. 238). When a similar 

mature cyst begins to agep. its protoplast gradually shrinks away from 

the cyst wall becoming eventually very reduced (Fig. 174 to 178) andq 

except for the presence of a single tiny trichocyst (Fig. 179, arrow), 

unrecognisable as a Crntomonas cell. This reduced and shrunken state 

of the protoplast may represent the true dormant fresting' condition 

of the walled cyst. 
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PART III 

SECTION B 

WALIED CYSTS OF CRYPTOMONAS S-1 

The variety of walled cysts (Fig. 160 to 190) found in a single 

thin section of embedded material represent different stages that occur 

in the formation of Cryptomonas S-1 walled cysts. Sections of typical 

vegetative walled cysts, corresponding to those in light micrograph 

Fig. 124, exhibit oval (Fig. 191) or spherical (Fig. 196) cyst capsulesp 

each containing a correspondingly shaped protoplast. Whether the shape 

of the capsule conforms to that of the protoplast, or vice versa, is 

purely speculativep but it would seem likely that a cyst capsule would 

acquire an oval shape if*deposited around a bean-shaped cell. 

Sections of C. S-1 walled cysts in an early stage of development 

(Fig. 191 & 196) show the protoplasts to retain numerous peripheral 

trichocysts and periplast plates, the loss of which is characteristic 

of more mature stages. A series of longitudinal sections (Fig. 192 to 

194) of the developing cyst in Fig. 191 show the absence of large gullet 

trichocysts and the presence of lipid reserves which have not yet begun 

to seriously compress the cell components. A section of the cyst capsule 

in Fig. 191 examined at higher magnification (Fig. 195) shows the tri- 

laminate composition of the capsule wall to display features similar to 

those described for cyst capsules of Cryptomonas 58. In comparisong 

a recently deposited cyst capsule (Fig. 196) can lack the firmly 

compacted appearance of mature cyst capsules (Fig. 197 & 198). 

When C. S-1 walled cysts gain maturity they gradually lose 

peripheral trichocystsv periplast plates and cell shape (Fig. 197). These 
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features, accompanied by increased accumulation of lipid which disrupts 

the cell organisation in a ma=er similar to that described for cysts 

of Cryptomonas 58, all contribute to the acquisition by the cell of an 

appearance unrecognisable as aC tomonas cell (Fig. 198). Other 

C. S-1 cyst forms including transitional stages and resting states are 

discussed in Part IV, division of walled cysts. 



74 

PART III 

SECTION C 

WALIED CYSTS OF CRYPTOMONAS 42 

Light micrograph of Crntomonas 42 walled cysts (Fig. 199 & 199A) 

depict motile-like cells encased by solid-looking spheres of translucent 

gelatinous material. Thin sections of similar. C. 42'eysts (Fig. 200 to 

204) reveal a sharply defined cyst capsule containing a clear matrix in 

which the centrally positioned protoplast is suspended. A lightly- 

staining fibrillar material (Fig. 204), produced in Golgi-derived 

vesicles and released via the gullet (Fig. 205 & 205A) is also suspended 

in the matrix. The even dispersal of this material through the matrix 

suggests the latter is fluid, or semi-fluidl in nature. 

The firmly compacted tri-laxainate cyst capsule of C. 42 (Fig. 204 

& 205) is similar in appearance and construction to the mature cyst 

capsules of C. 58, and C. S-1. However, in comparison to the vegetative 

cysts described above for the two other species of Crntomonas, the 

protoplast of this cyst form is quite different. The organelles are not 
I 

distorted or obscured by the large lipid reserves. The Golgi body 

(Fig. 205 & 205A) in particular lacks the flattened, reduced aspect 

typical of mature walled cysts, and is actively producing numerous small 

Golgi vesicles (Fig. 206 & 207). The retention of many features of the 

motile cellq including the flagella (Fig. 205) and the striated flagellar 

rootlets (Fig. 208 & 209), would suggest thato apart from the presence of 

an encasing cyst wall and the absence of rows of gullet trichocysts 

(Fig. 210 to 217) that this cyst displays a closer resemblance to the 

motile cell (or palmelloid cell minus its gelatinous envelopes) than to 

the mature walled cysts of C. 58 and C. 42. The morphological similarity 
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of this cyst protoplast to the motile cell suggests the possibility 

that the cyst capsule may have been deposited very recently around a 

motile cell, thus making this cyst form representative of one of the 

earliest stages of cyst development. Alternatively there exists the 

possibility that the protoplast might be in final stages : of transition 

froih the cyst condition int. o. -a motile cell, prior to shedding the 

cyst crapsule (Figs. 205,216 & 2179 arrows). 

A curious intermediate stage (Fig. 218 to 220), exhibiting 

characteristics of both walled cyst and palmelloid, was found to occur 

in developing cysts of Ciyptomonas 42. The very rounded protoplast of 

this cyst form is filled with carbohydrate/lipid reserves which compress 

and contain the nucleus (Fig. 219 & 220) and the Golgi body (Fig. 218 

& 225) in the centre of the cell and restrict the plastids to a position 

at the extreme periphery of the cell (Fig. 223)directly underlying the 

peripheral trichooysts (Fig. 224). These features (above) are 

characteristic of the walled cyst, whereas the presence of flagella 

(Fig. 220 & 221) and gullet trichocysts (Fig. 224) are more typical of 

palmelloid cells. Also, the two newly-formed daughter cysts inside the 

mother cyst capsule (Fig. 219) appear very similar to recently divided 

palmelloid cells (Fig. 41 & 57). 

The appearance of the encasing capsule is equally unusual. Its 

fibrous composition (Fig. 222 & 223), although compactly structuredq 

does not closely resemble the tri-laminate construction of a mature 

cyst capsule, nor do its details conform with the loosely depositedp 

alternating layers of extracellular material more typical of palmelloid 

envelopes. An aspect of this cyst, not observed in either walled cyst 

or palmelloidp are the rounded masses of densely-staining material 

distributed around the cell beneath the cyst wall (Fig. 218 & 219) 

causing it to bend outwards (Fig. 223 & 224), demonstrating that these 
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densely-staining bodiesv and the cell itself, have a rigidity greater 

than that of the cyst wall. 

In considering the motile-like features of the cysts in Pig. 199 

to 205p and the palmelloid-like features of the cysts in Fig. 218 to 

224P it is possible that the former cysts may have originated directly 

from motile cells, while the latter represent a transitional state 

occurring between the palmelloid and cyst conditions. 
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PART III 

SECTION D 

DIVISION IN WALLED CYSTS 

Various division stages in walled cysts of Cryptomonas 58, C. 42 

and C. S-1, observed with the light microscope, appear similar to those 

depicted for Cryptomonas f-tigoris (Fig. 2, 'jSJavornicky and Hindak, 1970). 

The protoplast divides within the parental capsule (Fig. 226) to produce 

two new daughter protoplasts (Fig. 227 & 228). Corresponding thin 

sections of a dividing cyst (Fig. 232 & 233) show cleavage to occur 

between the two chloroplasts in a longitudinal plane, similar to that 

observed in motile (Fig. 52 & 53) and palmelloid cells (Fig. 46 to 51). 

The two newly-formed daughter protoplasts remain within the mother cyst 

capsule (Fig. 227) until a clear, gelatinous protective coating has been 

deposited around them (Fig. 228). The smooth protective coating acquires 

an asymmetrical form, irregularly pear-shaped in profilet in accommodation 

to the limited space within the mother capsule (Fig. 228). The resulting 

distinctive external contour of the protective coat is retained for 

some time after release of the daughter cells from the mother capsule 

(Fig. 230) according them easy recognition and identification from walled 

cysts (Fig. 229). Pear-shaped coatings (Fig. 7) are also diagramed 

for daughter protoplasts of C. frigoris, cysts (Javornicky and Hindakq 

1970). And similarly coated daughter protoplasts of Ci7ptomonas 4 

are illustrated in a report by Santore (1978)9 although mistakenly 

identified as palmelloid cells. 

Sections of daughter protoplasts (Fig. 234 & 235), contained 

within their translucent protective coatingsp show the internal cell 
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organisation to resemble that of the mature walled cyst in lacking 

flagella, periplast plates and possessing few peripheral and gullet 

trichocysts. Although lipid accumulations are present)the organelles, 

including the 'elusive nucleomorphs (Fig. 234Aq EM) and Golgi systems 
.7 

(Fig. 236) are not obscured or compressed by them. The s urr ounding 

protective coat (Fig. 234 & 235) secreted within the mother capsule, 

appears pale-staining and relatively unstructured, differing in constit- 

ution from cyst capsules and palmelloid envelopes. 

Upon release from the mother capsule the new protoplast may, 

depending on surrounding environmental conditions, transform into the 

motile, palmelloid or cyst condition, in agreement with the findings of 

Javornicky and Hindak (1970). If conditions are adverse, the daughter 

protoplast will immediately begin deposition of a new cyst wall within 

the protective coating (Fig. 231 & 236). Figures 234 to 239 illustrate 

various stages in the deposition of a cyst wall within the protective 

coating of the p=otoplast. Extracellulax materialsv produced in extensive 

Golgi systems (Fig. 235) are released via the gullet region (Fig. 236) 

and deposited around the cell. The extracellular materials initially 

appear loosely deposited (Fig. 236) but later acquire a stratified 

appearance (Fig. 237) which finally developes the solidly 
ýompacted 

structuring of the mature cyst capsule (Fig. 238 & 239). In many 

instances the external protective coating is retained-(Fig. 2399 arrows) 

long after the cyst inside has attained maturity. 

DAUGHTER CYST PROTOPLASTS IN STATES OF ARRESTEI) DEVELOPMENT, DIVISION 

AND DORMANCY 

Many culture samples contain cyst forms which appear as translueentp 

gelatinous spheres encasing reduced, ill-proportioned cells (Fig. 240 & 

241)- Corresponding sections of these cyst form revealed protoplasts 

within their Protective coatings existing in a variety of conditions. 
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Some protoplasts appear to be in a state of degeneration (Fig. 242), 

presinnably arrested from further development or outer wall deposition. 

Whereas other similar-appearing daughter protoplasts appear healthy and 

are undergoing division (Fig. 2439 244 & 245) without acquiring a fully 

developed cyst capsule. 
_Other 

similar appearing daughter protoplasts 

deposit a thick densely-staining layer (Fig. 246 & 247) within the 

protective coating, after which the daughter protoplast may shrink away 

from the outer wall (Fig. 247) attaining a state reminiscent of the 

iesting cyst in Fig. 174. 

COMPARISON OF CYST WALLS IN VARIOUS STAGES OF FORMATION 

In the three species examined, cysts in different stages of 
i 

development exhibited such a variation of capsule walls that a 

compilation was considered necessary to summarize the diversity of 

texture and compaction of extracellular materials, varying from loosely 

deposited materials to a firmly compacted structurep that occurs during 

cyst wall fo=ation (Fig. 248 to 264)- 
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DISCUSSION 

A basic problem encountered at the inception of this study on 

the palmelloid and cyst stages of the Cryptophyceae was one of terminology* 

The generally accepted custom of referring to any non-motile state 

surrounded by an external cell coat as an encysted condition is 

reflected in much of the previous literature on the cryptophyte palmella 

condition, with the culminating effect that the terms encystedp cyst 

and palmelloid have often been used interchangeably. This confusion in 

terminology becomes most evident in Santore's report, where all 

cryptophyte cysts referred to in previous literature, including those 

described above by Javornicky and Hindak (1970) and Heynig (1976), 

appear to be regarded as essentially similar to the palmelloid phase 

xamined in his report.. This assumption by the author must surely 

explain the concluding suggestion of the possible existence of a yet 

undiscovered cryptophyte walled cyst, while including in his account 

of palmelloid cells light micrographs (Santoreq 1978; Fig. 1) of 

daughter protoplasts that are certainly the products of a recently 

divided walled cyst. 

Cryptophytes as a group are commonly thought to be predominantly 

motile flagellates (Butcher, 1967) which occasionally form non-motile 

colonies. In standard liquid cultures of motile cryptomonads, the 

walled cyst condition occurs so rarely and sporadically that cysts are 

generally overlooked. Even when they were identified in this study they 

occurred in such few numbers that a study of their stages in development 

was impossible until a specific method was developed to produce large 

populations of cysts in culture. The work of javornicky and Hindak 

(1970) was a most important guide, providing evidence that in at least 

one species of Cryptomonas the cells may exist predominantly as walled 
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cysts whilst growth and division continues to occur, and will in culture 

readily change from walled cyst to either motile or palmelloid condition. 

This information provided a background for the investigation and 

comparison, at levels of light and electron microscopyl. of the motile, 

palmelloid, and walled cyst conditions in three species of Cr. Tptomonas. 

In examining first the palmelloid condition, it was evident that 

palmelloid cells of C. 58. C. 42 and C. S-1, obtained from liquid 

cultures, all displayed stratified mucilaginous stalkso composed of 

stacked gelatinous envelopes deposited in repetitive succession similar 

to those illustrated for Cryptomonas frigoris (Fig. 5. Javornicky and 

Hindak, 1970)9 Examined in light micrographs, each individual envelope 

appears to be composed of an inner layer of lightly-staining material 

circumscribed by a peripheral band of darkly-staining material. Thin 

sections of comparable palmelloid cells correspond with the above 

observations, showing the palmelloid envelopes to be composed of an inner 

layer of lightly-staining fibrous material (designated layer A), and an 

outer layer of densely-staining particulate material (designated layer 

B). Agar-cultured palmelloid cells produce similar-appearing envelopes 

composed of alternating layers of material but, lacking the space and 

external support of the fluid media, the envelopes appear as concentric 

shells expanding across the surface of the agar rather than as stratified 

columns. 

The role of the Golgi in the formation of extracellular materials 

(Manton, 1966 & 1967; Dodge, 1973; Santore, 1973) is well documented 

for algal cells. In cryptomonads, the bulk of the extracellular material 

required by each palmelloid cell to accommodate the formation of the 

numerous mucilaginous envelopes is produced in the extensive Golgi 

syst6ms and released via the gullet. Howeverg the mucilaginous envelopes 

are composed of at least four different types of extracellular materials 
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(described aý60e_' in Part I) two of which, a densely-staining globular 

material (Fig. 105 & 106) and small particles of densely-staining . 

material contained in membrane-bound vesicles (Fig. 100)9 are seemingly 

not produced in the Golgi although they are expelled from the cell via 

the gullet region. 

The lightly-staining fibrous material, comprising layer A, was 

regarded by Santore (1978) as a 'fuzz' of fibrous material released 

through the external surface of the cell to form a separate investing 

layer. In the three species of Cr5rptomonas examined in this study all 

extracellular materials comprising the envelopes were seen to be released 

via the gullet region, although during their even deposition around the 

cell extracellular materials sometimes adhere temporarily to the external 

surface of the cell (Pig. 112C). Considering the presence of the periplast 

plates closely underlying the plasma membrane, it seems unlikely that 

extracellular materials are expelled through the plasma membrane by the 

fusion of intracellular vesicles with the plasma membrane in the manner 

described for cell wall components in Fucus (McCully, 1968). 
1 

The two main extracellular components, a lightly-staining fibrous 

material (layer A) and a densely-staining particulate material (layer B) 

are deposited under normal conditions in an alternating sequence to form 

each individual envelope. The order of synthesis and secretion of these 

alternating layers is possibly controlled by a fdependent fixed sequence, 

in which the synthesis and secretion must be Iswitched on and off' for 

the production of each different layer (Hartwell, 1974; Cavalier- 

Smith, 1976). In this study it was observed that changes in environmental 

conditions such as hydration or dehydration of cultures affected the 

pattern of deposition to the extent that one type of layer is absent 

while the other layer is over-produced. Sections of palmelloid cells 
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from air-driedp dehydrated agar cultures revealed that cells exposed 

to dry conditions will over-produce the densely-staining materials' of 

layer B to the detriment of the lightly-staining fibrous layer A. 

Alternatively, the reverse situation was found to occur in agar cultures 

kept under very humid conditions; the cells over-produced the lightly- 

staining fibrous materials of layer A to the detriment of the densely- 

staining layer B. 

Chemical analysis of the palmelloid mucilaginous envelopes 

provided evidence that they are composed of carbohydrates and protein in 

a2: 1 ratio. In sections of palmelloid cellst prepared in a fixation 

method incorporating the protein binding stain (Gori, 1977) Ponceau S 

and without an osmic acid post-fixation, only the densely-staining 

layer B was visible, while layer Aq although evidently present, was not 

stained. This would suggest that layer B, stained by the protein 

binding Ponceau S, must have a high protein content while the unstained 

layer A is most probably mainly carbohydrate in constitution. 

Staining tests with ruthenium red on fresh culture preparations 

revealed the presence of acid mucopolysaccharides in the palmelloid 

envelopes. An analysis of the saccharide content by paper chromatography 

revealed the presence of galactose, galacturonio acid, arabinose and a 

trace of xylose. However, an attempt to compare the sugar composition 

of the cryptophyte mucilage with that of mucilages from other algal 

groups was defeated by the enormous variations of sugar compounds present 

in the different algal mucilages (OtColla, 1967)- 

Walled cysts were initially observed in liquid media cultures 

containing numerous palmelloid cells. Using the descriptions and 

illustrations of vegetative phase walled cysts of Cryptomonas friRoris 

(Javornicky and Hindak, 1970) as a model, walled cysts of similar 

appearance were identified in liquid media cultures of Cryptomonas 58, 
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C. 42 and C. S-1, indicating that such widely diverse examples as a 

cryophilic Cryptomonas, two laboratory-cultured species, and a wild 

species cultured from garden soil, all have an identical walled cyst 

condition. 

Walled cysts of Cryptophyceae have not been previously examined 

in the electron microscope, preventing comparisons with other work. 

However, electron micrographs of sections of walled cysts exhibited 

in this study confirm that the general appearance of mature walled 

cysts, and the tri-laminate construction of the mature cyst capsuleis 

similar in all three species of Cz-jptomonas examined. Numerous transition 

stages, reported but not described or illustrated by Javornicky and 

Mindak (1970), occur during the formation of walled cysts from motile 

and palmelloid cells. Comparisons of the capsules and protoplasts of 

transitional or developing cyst forms with typical mature walled cysts 

helped determine the sequence of various stages of cyst formation. 

Depending upon the stage of development achievedg peripheral and gullet 

trichocysts are gradually lost from the protoplastg as are periplast 

plates, accompanied by the loss of cell shape and accumulation of lipid 

reserves. A previous report on the ciliate Rhabdophurina (Kinko 1973) 

describes how trichocysts are digested in autophagic vacuoles during 

cell encystment. In developing cryptophyte cystso trichocysts and 

periplast plates are seemingly broken down and absorbed in situ without 

noticeable involvement of autophagic vacuoles. 

A comparison of the cyst capsule to the palmelloid envelopes shows 

that the extracellular materials' produced by both are seemingly similar 

in appearance but the method of production and deposition is distinctly 

different. The materials comprising the palmelloid envelopes is produced 

in repetitive succession and loosely deposited around the cellp 

contrasting with the limited production required for the singular and 
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firmly compacted structure of the cyst capsule. The production 

requirements of cyst and palmelloid are also aptly demonstrated by a 

comparison of their Golgi systems9 the cyst displaying a flattened, 

reduced Golgi while the palmelloid exhibits extensive Golgi with hugely 

inflated Golgi vesicles. 

The form tion of large populations of walled cysts was thought to 

be precipitated by lack of oxygen and nutrients, and an increase in the 

acidic pH value of liquid cultures left unattended over a period of 

months. Once a cyst population was establishedg unless an extreme 

change in the environment occurred, the cells remained predominently 

in the cyst condition, dividing and reforming new walled cysts. Division 

of walled cysts (described above in Part IV) occurs in a manner similar 

to that reported for motile and palmelloid cells. However, it was not 

determined if the confines of the cyst capsule arrested or, slowed down 

the division process, as was observed for palmelloid cells. 

Allowing the liquid culture media to evaporate slightly produced 

cyst forms with very reduced shrunken protoplasts, which are thought to 

be representative of a resting or dormant condition. Although Javornicky 

and Hindak (1970) did not mention a resting or dormant condition in their 

extensive report on the walled cysts of C. frigoria, the existence of 

such a state has been suggested in previous literature. In experiments 

involving the re-cult=ing of algae from samples of pond mud exposed to 

oven-drying, Evans (1951) reported that a species of Crvptomonas, 

existing in some unknown morphological form, had survived conditions 

of extreme desiccation. Pringsheim (1967) reported that motile Chilomonas 

cells could be cultured from dried hay and suggested that the cells 

must assume a resting state. These reports, plus the culturing of the 

species Cryptomonas S-1 from dry garden soil, would suggest that many 
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cryptophyte species may exist as resting or dormant walled cysts, 

previously undetectedlor unidentifiecl,, in plant debris or in the soil. 

It is hoped that this comparative study on the motile, palmelloid5 

and walled cyst conditions of. Crvptomonas will open ways towards 

further understanding of the cytology and biological roles of these 

three distinct morphological states in the life history of Cryptophyceae. 
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IEGEMS 

Fig. 1 to a 

Illustrations by Javornicky and Hindak (1970) of the motile 

flagellate, palmelloid, and walled cyst states of C=Y-Ptomonas 

frigoris. 12- 
- 

Fig. 9& 10 

Longitudinal sections of a free-swimming Crntomonas 58, flagellate 

showing the internal organisation of the cell. There are two 

periplastidial compartments each containing a chloroplast (CL) 

with its associated pyrenoid (PY), a single nucleomorýh (HM) and 

starch grains (S) all embedded in a ribosome-containing matrix (M). 

Anterior to the centrally positioned nucleus (N) are the Golgi 

body (GB) and the contractile vacuole (CV). Iarge trichooysts (T) 

characteristically line the gullet (GUL). x 12P500 

Fig. 11 

A longitudinal section through the gullet of Cri 
. mtomonas 58 

showing the fibrous band (arrow) underlying the plasmamembrane 

on one side of the gullet. x 30POOO 

Fig. 129 13 & 14 

Longitudinal sections through the flagellar bases of Cry-ptomonas 

58 showing the complexity in structure and orientation of the. 

various tubular. components and associated microtubules. Arrows 

point to the proximal septum which is accompanied externally by a 

constriction of the flagellar membrane. Below the proximal septum 

is the shorter distal sePtum. x 60,000 
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Fig. 15 & 16 

Light micrograph of Cryptomonas 58 palmelloid cells from 

liquid media cultures. The cells have the distinctive bean- 

shaped appearance of the motile flagellates also present in the 

micrograph. The stratified mucilaginous stalks have remained 

intact despite the pressure from a cover-slip. The mucilaginous 

stalks are comprised of a stack of separate mucilaginous envelopes, 

each envelope having an outer layer of densely-staining material 

(B) and an inner layer of lightly-staining material (A).. x 49000 

Fig. 17 & 18 

Palmelloid cells of Cryptomonas 58 showing a more rounded shape 

than those in Fig. 15 & 16. The palmelloid cell in Fig. 17 appears 

to have become detached from its mucilaginous stalk. Free 

swimming cells are also Present in the pictures along with 

considerable bacterial contamination which is a frequent occurrence 

in any cultures left undisturbed for some time. x 49000 

Fig. 19 to 21 

Palmelloid cells in liquid media cultures of Cryptomonas 42 

showing stratified mucilaginous stalks to those of C. 58 in 

Fig. 15 & 16. x 2tOOO 

Fig. 22 

India ink, drawn under the cover-slip of a slide preparationg 

flows around, the mucilaginous material surrounding the palmelloid 

cells. x 2,000 

Fig. 23 to 26 

Palmelloid cells of Cry-otomonas S-1 showing the stratified 

mucilaginous stalks composed of individual mucilaginous envelopes, 

each having an inner lightlyý-stajnjng layer (A) and an outer 

darkly-staining layer (B). x 3,200 
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Fig. 27 & 28 

Palmelloid cells of Cryptomonas 42 showing the cells to appear 

very rounded and densely-stained. The individual mucilaginous 

envelope comprising the stratified stalks have a variety of shapes 

although the individual construction of the inner lightly-staining 

layer (A) and the outer darkly-staining layer (B). x 31200 

Fig. 29 

Recently divided palmelloid cells of Cryptomonas 42. The newly 

formed daughter cells remain together in the same envelope for a 

short time until they each secrete their own envelopes. x 3,200 

Fig. 30 

A thin section of a Cryptomonas 58 palmelloid cell cultured in 

licpiid media. The stratified mucilaginous stalk is shown to be 

comprised of many similar mucilaginous envelopes deposited in 

repeating succession. Each envelope is seen to be formed of an 

inner lightly-staining layer (A) and a more densely"staining 

particulate layer (B). These layers correspond to similarly' 

designed layers in light micrographs(Fig. 23,27 & 28). x 55,000 

Fig. 31 

A thin section of a Crntomonas 42 palmelloid cell cultured in 

liquid media. The mucilaginous envelopes are not deposited with 

the eveness of contour seen in Fig. 30, but appear to show the 

more irregular shapes of the envelopes observed in light micrographs 

(Fig. 15 & 23). x 55POOO 

Fig. 32 to 36 

A variety of sections of palmelloid cells from liquid media 

cultures showing various aspects of the mucilaginous envelopes 

comprising the stratified stalks. The uneven deposition of the 

layers correspondg in Fig. 33 to the irregular shapes of the 

mucilaginous envelopes in light micrograph 
'(Fig. 15). x 5POOO 
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Fig. 38 

A light micrograph of Cryptomonas 58 agar-cultured palmelloid 

cells actively growing across the surface of the agar in long 

streams. The mucilaginous envelopes enclosing each cell become 

compacted together in agar-grown colonies to form gelatinous 

mounds. x 2,400 

Fig. 39 

A light micrograph of Cryptomonas 58 palmelloid cells actively 

growing on agar. The outlines of the mucilaginous envelopes 

enclosing the cells can be seen at the periphery of the colony 

but are indistinguishable in the centre of the colony where the 

cells are extremely numerous. The cells are bean-shaped and 

appear similar in every way to motile flagellates except for 

their gelatinous envelopes. x 2,000 

Fig. 40 

A thin section of Cryotomonas 42 cells from an agar-cultured 

palmelloid colony similar to Fig. 39- The agar-cultured palmelloidg 

not having the space of a fluid environment to form long 

stratified columnsq deposits its repeating-envelopes in successive 

shells which expand outwards from the cell. After division the 

each newly formed daughter cells secrete one or more envelopes 

around itself before dividing again. The relationships between the 

individual members of this colony are shown by the limiting 

boundaries of the various gelatinous envelopes. Number 1 Points 

to the envelope of the original cell founding the small colony. 

Number 2 points to the envelopes deposited by the daughter cells 

produced by the division of the founder cell. Number 3 points to the 

envelopes deposited by the cells resulting by the division of the 

founderts daughter cell. As the colonies increase in numbers it 

becomes difficult to trace relationships beyond five or six 

generations. x 79500 
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Fig - 41 

A section of a recently divided agar-grown palmelloid cell 

showing the two daughter cells contained together within the 

envelope of the mother cell. x 7,500 

Fig. 42 & 43 

Light micrographs of palmelloid cells actively growing on agar 

media. Fig- 43 was photographed 96 hours after Fig. 42. No cell 

division occurred during the time lapse of three days. However, 

a single cell in the topmost colony appears to have moved out of 

the colony, and in the lower colony one cell (arrow) has vanished. 

Bacteria (BAC) are begirming to attack this culture and are probably 

responsible for the cell loss. x 2,400 

Fig. 44 & 45 

Light micrographs of palmelloid cells actively growing on agar 

media. Fig. 45 was photographed 48 hours after Fig. 44. Most 

of the cells have divided during this time lapset however, one 

cell in the topmost colony (arrow) and two cells in the lower 

colony (arrows) did not divide although they appear to be in a 

swollen condition. x 2,400 

Fig. 46 to 49 

Sections of dividing agar-cultured palmelloid cells showing 

separation to occur by a constriction through the centre of the 

cell. Invaginations extend inwards from the anterior and posterior 

ends of the cell to eventually meet in the centre. The cells 

show extremely irregular profiles particularly in the area of 

the invaginations. x 7,500 
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Fig. 50 & 51 

Serial sections of an agar-grown Cryptomonas 58 palmelloid 

cell in the process of division. In the confinement of the 

gelatinous envelope the dividing cell will assume irregular shapes 

not observed in dividing motile flagellates. x 12,500 

Fig. 52 & 53 

Serial longitudinal sections of a motile flagellate Cryptomonas 5B 

cell in the process of division. The integrity of the cell 

shape is retained during division, even by the newly formed 

daughter cells. x 7,500 

Fig. 54 & 55 

Serial transverse sections through the gullet region of a 

dividing motile flagellate showing a doubling in the number of 

large trichocysts, -, x 7,500 

Fig. 56 

Section of an agar-culture Cryptomonas 42 palmelloid cell in 

swollen btate preparing for diiidion. The large trichocysts 

present around the gullet has doubled in number. The appearance 

of this cell is probably representative of the swollen cells in 

light micrographs We- 44 & 45). x 37v500 

Fig. 57 

Two newly-formed daughter cells, prObably, the product of division 

of a cell similar to that in Fig. 56, contained within the 

mother cell envelope. x 37,500 

Fig. 58 

A section of a typical Cryptomonas mitochondxion showing the 

characteristic flattened finger-like cristae. x 909000 

Fig. 59 
A section of a Cryptomonas palmelloid cell showing the mitochondria 

to be similar to those in motile flagellates. The branching profiles 

of the mitochondria often display broad regions which suddenly 

become thread-like extensions. x 60,000 
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Fig. 6o & 61 

Thread-like extensions of the mitochondrial described above, 

-in Fig. 59P ramify throughout the cell surrounding vesicles and 

lipid bodies. x 150,000 and x 759000 

Fig. 62 to 64 

Sections of deformed or abnormal mitochondria in palmelloid cells 

of aging agar cultures. The cristae in some are more rounded than 

is characteristic. x 849000 

Fig. 65 

A section of chloroplast in a young agar-cultured Crntomonas 58 

palmelloid cell showing the thylakoids stacked in pairs. 

x 120,000 

Fig. 66 

. Mtomonas 42 A section of a chloroplast in an agar-cultured Cj- 

palmelloid cell showing the stacked thylakoids having a densely- 

staining material between their interfacing membranes. x 120,000 

Fig. 67 

A section of a Cryptomonas 581palmelloid cell from material 

prepared in a fixation method incorporating ruthenium red (Materials 

and Methods) showing the paired thylakoids to have a densely- 

staining materialv probably leached pigments between the inter- 

facing thylakoid membranes. The membranes themselves are 

extremely pale-staining compared to the more darkly-staining 

contents of the thylakoids. x 375,000 

Fig. 68 

A section of a Cryptomonas 42 palmelloid cell from material 

prepared in a fixation method incorporating a tDiraerl (Materials 

and Methods). The use of the 'Dimert produced clear 'tram-like' 

unit membranes with additional electron density in the inter- 

thylakoid spaces between closely apposed surfaces of paired 

membranes. The leaching'out of the thylakoid contents has not 
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been complete as the densely-staining material is also present 

in concentration along. the intrathylakoid surface of the 

membrmes. -x 3759000 

rig. 69 

A section of a palmelloid cell chloroplast from material 

prepared in a glutaraldehyde fixation incorporating ruthenium 

red and without an osmic acid post-fixation. The ruthenium red 

accentuated staining of the plastid ribosomes and the inter- 

thylakoid material. x 60,000 

Fig. 70 

The chloroplast section in Fig. 68 seen at lower magnification 

for comparison with Fig. 69. x 6o, ooo 

Fig. 71 

A section of a Cryptomonas 42 cell showing the stacked 

thylakoids in the plastid. x 379500 

Fig. 72 

A section of a Cryptomonas 58 palmelloid cell displaying la=ge 

and small vacuoles in the plastid. x 1BY750 

Fig. 73 to 75 

These irregular structures frequently occur in the plastids of 

Cryptomonas palmelloid cells growing in colonies older than 

three months. x 800000 1 

Fig. 76 & 77 

Sections of Cryptomonas 42, palmelloid cells displaying large 

vacuoles in the plastids. x 15,000 ancl 1OP800 

Fig. 78 & 79 

Sections of the chloroplast a Cryptomonas 58 palmelloid cell 

showing vacuoles, irregular membraneous structures and thylakOids 

sparsely distributed about the plastid stroma. x 37,500 and*60,000 
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Fig. 80 & 80a 

Sections of the chloroplast in a Cryptomonas 42 palmelloid cell 

showing the membraneous configurations and sparsely distributed 

thylakoids in the plastid stroma. x 800000 

Fig. 81 

A section of a chloroplast in a Ci-rptomonas S-1 palmelloid cell 

showing a coiled membraneous confijp=ation in the plastid 

stroma. x 80,000 

Fig. 82 

A section of a chloroplast in a Cryptomonas S-1 palmelloid cell 

showing large hexagonal crystals inside the thyle-koids. x 80gooo 

Fig. 83 

A section of a chloroplast in a Crymtomonas S-1 palmelloid cell 

showing the thylakoids to be extremely sparsely distributed in 

the plastid stroma. x 45POOO 

Fig. 84 

A section of a CryptomonasIpalmelloid cell showing numerous 

Golgi bodies present at the anterior end of the cell. The Golgi 

vesicles are frequently inflated and filled with a fibrous material. 

45POOO 

Fig. 85 & 86 

Sections of a palmelloid C tomonas cell showing the extensive 

cisternae typical of palmelloid cell Golgi bodies. Arrows 

point to apparent connections between the cisternaeo x 60,000 

Fig. 87 to 89 

Sections of palmelloid cell Golgi showing the presence of a 

peculiar membraneous knot-like structure. x 84,000 

Fig. 90 & 90A 

A section of a palmelloid cell Golgi with numerous small off- 

budded Golgi vesicles. An enlargement of these Golgi-derived 

vesicles reveals them to contain tiny ring-like structures (arrows) 

x 30,000 and 80,000 
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Fig. 91 

A section of a palmelloid cell Golgi body with numerous small 

Golgi derived vesicles migrating perhaps towards the perinuclear 

space. Arrow points to mastigonemes developing inside the 

perinuclear space. x 60,000 

Fig. 92 

A section showing a Golgi derived vesicle attaching to the 

periplastidial membrane (arrow). x 120,000 

Fig. 93 

A section showing packets of tubular mastigonemes inside the 

perinuclear space. x 6o, ooo 

Fig. 94 

A section showing tubular mastigonemes inside the perinuclear 

space. Nearby are the polyribosomal-like configurations 

typically found in the periplastidial matrix near a dividing 

nucleomorph (see Nucleomorph*chapter). x 84,000 

Fig. 95 

A section of a palmelloid cell showing the flagella to be curled 

around the body of the cell inside the gelatinous envelope. 

An arrow points to the tubular mastigonemes present on the 

flagella and also developing inside the perinuclear space. 

25 , 000 

rig. 96 1 

A different section from Fig. 95 of a palmelloid cell showing 

the flagella curled around the body of the cellq inside the 

gelatinous envelope. Arrows point to the attachment point on the 

tubular mastigonemes. x 45,000 

Fig. 97 

A section of an agar-cultured palmelloid cell showing inflated 

fibre-filled Golgi vesicles opening into the gullet (arrow). 

x 139500 
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Fig. 97A 

A section of an agar-cultured palmelloid cell showing the 

expaxýding concentric envelopesp each comprised of alternating 

layers of lightly-staining fibrous material (layer A) and densely- 

staining particulate material (layer B). x 15POOO 

Fig. 97B 

An enlarged section of an agar-cultured palmelloid cell showing 

particular section, a matted, felt-like texture. Densely-staining 

material with a myelin-like appearance is being incorporated into 

the surrounding investment. x 459000 

Fig. 97C 

An enlarged section of the mucilaginous envelope showing the 

textures of layers A and B to be different from that in Fig. 97B. 

Layer A reveals a fibro-particulate nature rather'than, being 

totally fibrous. x 9PPOOO 

Fig. 98 

An enlarged section of the mucilaginous envelopes showing both 

the lightly-stainin -staining layer B 
,g 

layer A, and the darkly 

to have a particulate nature. Small fragments of membrane (arrows) 

are entrapped in the layers of mucin. x 120,000 

Fig. 99 

A section showing Golgi vesicles filled with a fibro-particulate 

material similar to that in Fig. 98. x 90,000 
I 

Fig. 100 

A section through the gullet in the region of the contractile 

vacuole. A vesicle, filled with small dens elyý-s taining particles, 

is seen to be detaching from the plasma-membrane (arrows) while a 

similar vesicle has just emerged from the gullet. Small 'alveolar' 

*ýpe- Golgi derived vesicles (open arrow) filled with a darkly. - 

staining contents, appear to be fusing with the plasmanembrane 

in the region of the contractile vacuole and releasing their 

contents into the gullet. x 80,000 
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Fig. 101 

Membrane-bound vesicles, filled with densely-staining particles, 

are released via the gullet and subsequently become incorporated 

into the s urr ounding mucilaginous envelope. x 30tOOO 

Fig. 102 

Membrane-bound vesicles, filled with densely-staining 

particulate material are found distributed around the external 

surface of the cell inside the gelatinous envelope. x 229500 

Fig. 103 ' 

IA section showing fibrous material emerging from the gullet area 

and becoming incorporated into the surrounding envelope. x 30,000 

Fig. 104 

A section showing a membrane-bound vesicle containing densely- 

staining particles becoming entrapped in fibrous material which 

is itself becoming incorporated into the gelatinous investment. 

x 309000 

Fig. 105 

A section of a palmelloid cell releasing small densely-staining 

particles via the gullet. Similar particles can be seen 

distributed throughout the cytoplasm in the anterior regions 

of the cell. x 15POOO 

Fig. 1 o6 

An enlarge section of a palmelloid cell similar to Fig. 105 

showing small densely-staining particles emerging via the 

gullet region. As they emerge these particles appear to cohese 

into large masses of the densely staining material. x 20,000 
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Fig. 107 & 108 

Sections showing two cells contained within a single mucilaginous 

envelope. In both sections the cells appear to be releasing 

quantities of the densely"staining material referred to in 

Fig. 105 & 106. Upon emerging from the gullet this material has 

coagulated into large masses which later break up and become evenly 

distributed around the inner face of the surrounding envelope. 

x 6,000 and 10,000 

Fig. 109,110 & 111 

A section showing densely-staining particles becoming evenly 

incorporated -in the gelatinous envelopes. Fig. 109 x 30,000 and 

Fig. 110 & 111 x 189750 

Fig. 112 

A section of a palmelloid cell from a drying agar culture 

showing deep crenulations in the surrounding envelope. Arrows 

point to material becoming incorporated into the envelope. 

x 159000 
Fig. 112A 

A section through successive =cliaginous envelopes of a palmelloid 

cell from a drying agar culture. The most currently deposited 

envelopes consist only of the denselyý-staining layer B while 

the earlier envelopes show the more typical alternations of 

layers A and B. x 159000 

Fig. 112B 

A section of two adjacent palmelloid cells (from a drying agar 

culture) showing the most recently formed envelopes to consist 

of a very thick layer of densely-staining material closely 

appressed to the cells. x 795000 
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Fig. 112C & 112D 

Sections of palmelloid cells (from drying agar cultL=es) 

showing the cells to be releasing and depositing large quantities 

of densely-staining material (arrows). x 25POOO 

Fig. 11 

A. section of a palmelloid cell from a damp agar culture 

showing the successive envelopes to appear totally composed of 

the lightly-staining fibrillar layer A, and lacking the densely- 

staining layer B. x 159000 

Fig. 11 

An enlarged section of Fig. 113 showing fibrillar material 

dispersed around the external surface of the cell and becoming 

incorporated into the envelope (arrows). x 40POOO 

Fig. 115 

A section of a palmelloid cell from agar culture kept in very 

humid conditions. The surrounding envelopes have a homogeneous 

fibrillar appearance, lacking the typical alternation of layers 

A and B. External to the cell, between the cell and the 

surrounding, envelopes, three different types of extracellular 

materials (arrows) are simultaneously being deposited into the 

surrounding envelope. Material is not always deposited smoothly 

around the inner face of the surrounding envelope (open arrow). 

x 15,000 

Fig. 11 

A chromatogram showing the separation of sugars present in 

palmelloid extracellular material. 



zf 

I, - 
. Irt A., 1b 4_% " 

b. j 

? 

�1. 

s-c 

S 

IP 

» 

4 

ok 
N 

\ 
Soo 00 44" :-, 

f; 
-4viv -, . 

0 4 alp 

0, 

.11 
.- 

AIL, 

Iw-0 



1103 

lk 

AW -A- 71 

ob 
'Q Al 

_7A o' A 1% 
I 

fit", "41 
%Vý 

ef., 



. 4P' 

IY 
tot 

ta it6 
.A.. - - 

ism-, 
ev 

"ov, t. l. 

40IC4 

r* 

fey 

. i,.. 

f1'. ". � "�. �J_%_' 

»4 
4'.. (' -- 



141 

Fig. 117P 118 & 119 

Sections of palmelloid cells from material prepared in fixations 

incorporating Ponceau S and lacking an osmic acid post-fixation. 

The densely-staining layer B appears to have bound with the 

Ponceau S stain, while layer A remains totally unstained. 

Arrows indicate two types of lipidic reserves present in the 

chloroplasts; clusters of small unstaining droplets, and large 

darkly-staining globules. Fig. 117 & 118 x 18P750 

Fig. 119 x 12,500 

Fig. 120 & 121 

Sections of palmelloid cells from material prepared in fixations 

incorporating Alcian blue with (Fig. 120) and without (Fig. 121) 

osmic acid post-fixation. In Fig. 121 the noticeable electron 

density produced in the extracellular material in the absence 

of osmic acid would seem to indicate an affinity of this material 

to Alcian blue stain. x 12,500 

Fig. 122 

A typical contaminent found present in agar cultures. x 25,000 

Fig. 123 

Three common contaminents found in agar cultures and reproduced 

here in comparable dimensions to an agar-grown palmelloid cell 

(right-hand side of illustration). x 5,000 
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Fig. 124 

Light microscopy of Crntomonas S-1 walled cysts in the 

vegetative phase stained with ruthenium red. Arrows indicate 

the presence of darkly-staining material closely appressed to 

the external surface of the protoplasts. Plastids and starch 

grains are the only cell components clearly distinguishable. x 6,000 

Fig. 125Y 125A & 125B 

Light micrographs of a particulax C. 42 vegetative phase 

walled cyst photographed using different filters. 

Fig. 125 photographed without a coloured filter 

Fig. 125A: photographed with a red filter 

Pig. 125B: photographed with a green filter 

The culture solution containing this cyst was stained for three 

hours with a solution of neutral red (Materials and Methods). 

-ed stain in the Small dark red droplets (arrows) of concentrat 

protoplast show that the cyst is metabolising and that the 

thick cyst wall is not imprevious to substances dissolved in the 

surrounding media. x 8,000 

Fig. 126 

Two walled cysts of C. 42, the upper cyst in the vegetative 
pe! 5'1, ý, J9 

phase and the lower. cyst in a possiblejoondition, having a. 

diameter half the size of similar cysts (Fig. 125) in the same 

culture sample. 

Both cysts were stained for three hours in a solution of neutral red. 

The vegetative cyst shows an uptake of the stain (arrows) 

comparable in volume to other vegetative cystst whereas the 

'resting' cyst has acquired only a small quantity of the stain 

(arrow). A coloured filter was not used for this photograph. x 8,000 
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Fig. 127 

A resting cyst stained with a neutral red solution (as in 

Fig. 126) but showing no evidence of the uptake of the stain. 

A coloured filter was not used for this photograph. x 80000 

Fig. 128 

A C. 42 vegetative phase cyst showing the uptake of neutral 

red solution accentutated by the use of green filter. x 8,000 

Fig. 129v 131 & 132 

Vegetative phase cysts of C. 58. Arrow in Fig. 131 indicates 

the Maupas corpuscle. x 6,000 

Fig. 130 

A comparable thin section ot a C. 58, vegetative phase cyst. 

Arrow points to a thin black band of material lining the inner 

face of the cyst capsule. x 6, ooo 

Fig. 133 & 134 

A C. 58 walled cyst, possibly in a 'resting' conditionp examined 

in the light microscope with both Nomarski differential- 

I 
interference-contrast optics (Fig. 133) and standard bright 

field (Fig. 134). x 6,000 

Rig. 135 & 136 

A C. 58 walled cyst, possibly in a 'resting' condition, examined 

in the light microscope with both Nomarski differential- 

interference-contrast optics (Fig. 135) and standard bright 

field (Fig. 136). x 6,000 

Fig. 137 & 138 

A C. S-1 walled cyst, possibly in a Irestingt conditiono 

showing a very compressed, reduced and irregalar-shaped 

protoplast inside a very thick translucent spherical cyst 

capsule. The accompanying thin section (Fig. 138) of a 

comparable C. S-1 walled cyst reveals the presence of numerous 
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starch grains within a rather degenerate-appearing protoplast. 

The slightly wrinkled appearance of the cyst wall is probably 

caused by shrinkage of extracellular materials during the 

fixation procedure. x 6,000 

Fig- 139 & 140 

A C. 42 walled cyst, possibly in the tresting' condition, 

showing a compressed but spherical (compared to Fig. 137) 

protoplast within a thick translucent spherical cyst capsule. 

The accompanying thin section (Fig. 140) of a comparable C. 42 

walled cyst reveals a healthy-appearingg rounded protoplast 

within a spherical cyst capsule comprised of. several different 

layers of material. x 6, ooo 

Fig. 141 & 142 

The same walled cyst as in Fig. 139 but after exposure to air 

drying for several hours. The accompanying thin section of a 

similarly air dried C. A2 walled cyst reveals the protoplast 

to seem much reduced within the cyst capsuleg although still 

appearing healthy and viable. x 6,000 

Fig. 143 

The same walled cyst as in Fig. 141, but after exposure to 

air drying for a week. Both protoplast and cyst capsule 

appear wrinkled. x 6, ooo 

Fig- 144 

A C. 42 walled cyst, different from Fig. 143, also exposed to 

air drying for a week. x 6, ooo 

Fig- 145Y 145A9 146 & 146A 

Motile cells of C. 42, photographed in poralised light. Arrows 

point to the birefringent Maupas co3ýpusoles (MC). x 6,000 
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Fig. 147 
1 

A C. 42 vegetative phase walled cyst photographed in poralised 

light. The arrow points to the birefringent Maupas corpuscle. 

x 6gooo 

Fig. 148 

Walled cysts of C. 42 stained with an iodine solution (Materials 

and Methods) acquire a yellow orange colour. x 6, ooo 

Fig. 149 

To test for cellulosep a concentrated solution of sulphuric acid 

was diffused under the cover-slip of a slide preparation 

containing material previously stained with an iodine solution 

(as in Fig. 148). The protoplasts and cyst capsule walls were 

stained a bright red-orange but there was no evidence of a 

blue colour indicative of the presence of cellulose. Swelling 

of material around the protoplast produced a halo-like effect. 

x 69ooo 
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Fig. 150 

A section of a Cryt-Domonas 58 vegetative phase walled cyst 

similar to light micrograph Fig. 129. The cyst capsule is a 

smooth spherical firmly compacted structure composed of at least 

three distinct layers of different extracellular material, each 

layer gradin3into the next. Inside the capsule the protoplast 

is suspended in a stainable fluid matrix. The peripheral 

chloroplasts (CL) and centrally placed nucleus (N) appear almost 

engulfed by the massive lipid (LIP) and starch (S) reserves 

which have made detection of other cell components such as the 

pyrenoids, nucleomorphs and Golgi body, very difficult. Large 

gullet trichocysts are absent in this section, as are peripheral 

trichocysts and periplast plates. Peripheral mitochondria (M) 

are present although extremely reduced in size and numbers. 

x 159000 

Fig. 151 

A section of a C. 58 walled cyst in the vegetative phase. 

The appearance of this cyst is similar to that described for 

Fig. 150 except for the presence of peripheral trichocysts (T) 

also viewed at higher magnification in Fig. 152 (arrow). A 

layer of darkly-staining fibrous material encircling the protoplast 

is apparently extracellular material being deposited in the 

formation of the characteristic densely-staining layer of the 

cyst capsule. 

Fig. 152 

A section of the cyst in Fig. 152 examined at high magnification 

to show the tiny peripheral trichocyst (arrow) lying compressed 

between the plasma membrane and the plastid. The layer of 
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peripheral cytoplasm, generally found between the plastids and 

the periplast in motile and palmelloid cells, is absent, as are 

the periplast platesq leaving the plas. Tnamembrane closely 

appressed to the plastid. x 379500 

Fig. 153 

An enlarged section of the cyst in Fig. 151 showing the 

mitochondria (M) positioned around the nucleus. Tubular 

mastigonemes (TM) are present in the perinuclear space. 

37s500 

Fig. 154 

Mitochondria positioned centrally in a cystg arranged in 

parallel arrays. The cristae possess the characteristic flattened 

finger-like profiles but are few in number. x 80,000 

Fig. 155 

A polyribosomal-like configuraiion, similar to those co=only 

found in the periplastidial matrix near dividing nucleomorphs, 

found positioned near a plastid in a walled cyst. x 80,000 

Fig. 156 

A Golgi body in a walled cyst displaying flattened, compressed 

ciste=ae. x 37P500 

Fig. 159 

An enlarged section of a C. 58 walled cyst. Arrow points to a 

small packet of tubular mastigonemes, positioned external to 

the protoplast inside the cyst capsule. Densely-staining 

material inside the capsule is being dispersed and evenly 

deposited onto the inner face of the capsule wall. x 22,500 

Fig. 157 

The packet of tubular mastigonemes in Fig. 157 examined at 

higher magnification. x 52,500 
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Fig. 159 

Another section of the walled cyst in Fig. 157 showing peripheral 

trichocysts (arrow) lying closely appressed to the plastid. 

Peripheral cytoplasm is so greatly reduced that the plasma-membrane 

is closely appressed to the. plastid. x 32,500 

Fig. 16o 

An enlarged section of a C. 58 cyst wall showing the compactly 

structured arrangement of the extracellular materials comprising 

the capsule. The outermost layer is composed of a fine 

particulate material which grades into the fibro-particulate 

material of the middle layer. The innermost layerg composed of 

compacted densely-staining material, is characteristic of most 

walled cysts. The protoplast contained within the capsule 

possesses a thin periplast. The irregular Profile of this 

cell covering, overlying the thin layer of peripheral cytoplasm, 

is evidence of the lack of periplast plates. x 52,500 

Fig. 161 & 162 

Serial sections of a C. 58 vegetative phase walled cyst showing 

the rounded protoplast suspended within a firmly constructed 

spherical cyst capsule. The lipid and starch accumulations 

have distorted the cell organisation and obscure the 

identification of cell components such as the nucleomorphs. The 

single compressed Golgi body (GB) is Producing and releasing 

via the gullet an extracellular material, which seemingly 

has accumulated into a large densely-staining mass prior to its 

dispersal and even deposition as the densely-staining inner 

layer of the capsule. x 15,000 

Fig. 163 & 164 

Serial sections of the C. 58 walled cyst in Fig. 162 showing the 

size of a typical cyst in comparison to a motile flagellate. 

x 7,500 
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Fig. 165 

-A section of a Crntomonas 58 palmelloid cellq from material 

fixed with Ponceau S stain (Materials and Methods) incorporated 

into the glutaraldehyde fixation and lacking an osmic acid post- 

fixation. A darkly-staining fluid substance is apparently being 

released from the gullet. x 22,500 

Fig. 166 

A section of a C. 58 walled cyst. The Protoplastq although 

much reduced in sizel appears to be releasing a fluid substance. 

Arrows indicate a darklyý-staining material, surrounding the 

protoplast, is seemingly in the process of being evenly 

deposited onto the inner face of the cyst capsule. x 99000 

Fig. 167 

A C. 58 walled cyst in the early stages of cyst wall deposition. 

The gelatinous capsule enclosing the protoplast lacks the compact 

structured appearance of the more mature cysts. The inner densely- 

staining layer is barely discernable closely appressed against 

the protoplast. Cell components have not yet become compressed 

by lipid or starch accumulations. x 15)000 

Fig. 168 & 168A 

Serial sections of a C. 58 walled cyst in the early stages 

of development. Lipid and starch reserves are beginning to 

build up, but cell components have not acquired the very 

compressed appearance typical in mature cysts. The mitochondria 

(M) have seemingly migrated towards the centre of the cell. The 

cyst capsule, appears slightly more structured than in Fig. 167, 

however it still lacks the firm compact structure of capsules 

in more matuxe cysts. The inner denselY-staining layer, although 

present in greater volume than in Fig. 167, appears to be 

comprised of a loose net-work of un-compacted material. x 15,000 
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rig. 169 

A C. 58 walled cyst possessing cyst capsule similarly 

constructed to that in Fig. 168, but displaying a protoplast 

which has shrunken away from the retaining wall of the capsule. 

x 15POOO 

Fig. 170t 171 & 172 

Sections of three different, C. 58, walled cysts showing the 

various stages in the breakdown of the starch grains. Small 

patches of erosion (arrows) form on individual grains. These 

patches later extend into deep grooves (Fig. 172, arrow). 

x 15tOOO 

Fig. 173 

This figure has been deleted from the text 

Fig. 174 

A section of a C. 58 walled cyst showing a very reduced and 

shrunken protoplast contained within the cyst capsule. This 

cyst form is probably representative of the 'resting, condition, 

Although the protoplast has become exceedingly compacted the 

plastids still retain a healthy, viable appearance and the cell 

on the whole does not look moribund. x 15,000 

Fig. 175 to 178 

Sections showing various aspects of the c. 58 cyst in Fig. 174. 

In shrinking away from the capsule the Protoplast appears to 

have lost the rounded shape typical of vegetative cysts. X 59000 

Fig. 179 

A section of the protoplast in Fig. 178 examined at higher 

magnification shows the presence of a tiny trichocyst (arrow) 

and mitochondria, which seem to lack cristae. x 50,000 
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Fig. 180 to 190 

A variety of C. S-1 walled cysts found in a single thin 

section of embedded material. These different cyst forms 

represent many of the different stages that occur in the 

development of Cryptomonas S-1 walled cysts. x 49500 

Fig. 191 

A section of a C. S-1 (oval-shaped) vegetative phase walled 

cyst representative of an early stage of cyst development. The 

protoplast has not yet lost its periplast plates or numerous 

peripheral trichocysts. Lipid reserves have begun to accumulate, 

although not in such volume as to seriously compress cell 

components as is the case in more mature cysts. x 13,500 

Fig. 192 to 194 

Serial sections of the developing cyst in Fig. 191 showing an 

absence of gullet trichoeysts and the extent of the growing lipid 

reserves. X 79500 

Fig. 195 

A section of the protoplast and cyst capsule in Fig. 191 at high 

magnification showing the gradiation of the layers of material 

comprising the cyst capsule producing the tri-laminate appearance 

characteristic of mature cyst capsules. x 37,000 

rig. 196 

A section of a C. S-1 walled cyst in early stages of development. 

The cyst capsule is loosely compacted and still undergoing 

deposition. The protoplast, although spherical in shape shows 

evidence of periplast plates underlying the plasma membrane, 

however the peripheral trichocysts are less numerous than in 

Fig. 191. x 15,000 
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Fig. 197 & 198 

Sections of C. S-1 mature walled cysts showing the distinctly 

tr-laminate cyst capsule to appear solidly compacted. x 15POOO 

Fig. 199 & 199A 

Light micrographs of Crntomonas 42 walled cysts. Bean-shaped 

cells of motile appearance axe encased in solid-looking 

translucent gelatinous spheres. X 7,500 

Fig. 200 to 204 

A series of sections of a C. 42 walled cyst, corresponding to 

the above light micrographs, showing a motile-like protoplast 

suspended in a clear matrix within the cyst capsule. Throughout 

the matrix a fibrillax extracellular material is evenly 

dispersedq indicating that, the matrix Must be fluid, or semi- 

fluidt in nature. 

Fig. 202 & 203 display irregulaxities in the cyst capsule. 

Fig. 200 to 203 x 7P500 

Fig. 204 x 12P500 

Fig. 205 & 205A 

Serial sections of a C. 42 cyst similax to Fig. 204, showing 

motile-like features including flagella and flagellar accessories. 

The cyst capsule in Fig. 205 is either damaged (arrow) or in 

the process of being shed by the cell. x 12,500 

Fig. 206 & 207 

A section of the Golgi in Fig. 205 examined at'higher 

magnification. Small Golgi-derived vesiclesp each containing 

a tiny ring-like structureq are being produced in large numbers. 

Fig. 2o6 x 6o, ooo 

Fig. 207 x 120,000 
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Fig. 208 & 209 

Serial seotions of the flagellar'bases in Fig. 2059 showing 

striated flagellar rootlets. x 120,000 

Fig. 210 to 217 

Serial sections of the C. 42 cyst in Fig. 205 showing the 

absence of rows of large gullet trichocysts. Fig. 212 is the 

only section to clearly show two gullet trichocysts. Fig. 216 

and 217 show the cyst capsule to be either damaged (arrows) or 

in the process of breaking open to release the cell inside. 

Fig. 2180 219 & 220 

Sections of C. 42 cysts. The cells are enormously distorted by 

the massive carbohyd=ate/lipid reserves. The Golgi (GB) and 

nuclei are compressed and confined in the centre of the cells. 

Rounded bodies of densely"staining material are distributed 

around the external surface of the cell inside the capsule. 

Vol, x 49500 

Fig. 2 21 

A section of Fig. 220 examined at high magnification to show 

the flagella (F) and tubular mastigonemes (TM). x 229500 

Fig. 221 

A section of the cyst capsule in Fig. 219 examined at high 

magnification to show its fibrous structure bending around the 

more turgid bodies of densely-staining material. x 25POOO 

Fig. 223 

A section showing the fibrous cyst capsule bending outwards 

around the bodies of densely-staining material. The plastids of 

the protoplast are confined to the extreme Periphery of the 

cell directly under the peripheral trichocysts. x 279500 
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Fig. 224 

A section of a C. 42 cyst, similar to those in Fig. 218 to 2209 

showing the distortion of the internal cell organisation by the 

massive carbohydrate/lipid reservesq which obscure most cell 

components except for the rows of gullet trichocysts (T). 

x 7,500 

Fig. 225 

A section from a cyst similar to Pig. 2249 showing the flattened, 

compressed appearance of the Golgi body (G: B). x 75,000 

Fig. 226 

A light micrograph of a C. 42 walled cyst showing the protoplast 

beginning to divide. x 5,6oo 

Fig. 227 

A light micrograph of a C. 42 parental cyst capsule containing 

two newly-formed daughter protoplasts which have not yet acquixed 

their translucent protective coats. x 5,6oo 

Fig. 228 

A light micrograph of two C. 42 newly-divided cysts. The parental 

cyst capsule each contain two daughter protoplasts which have 

acquired gelatinous protective coatings. Inside the confines 

of the parental capsule these protective coating assume 

distinctive irregularly pear-shaped profiles. x 5,6oo 

Fig. 229 

A light micrograph of a C. 42 walled cyst displaying a 

translucent capsule for comparison with the daughter protoplasts 

in Fig. 230. x 5,600 

Fig. 230 

Two daughter protoplastsl recently released from the mother 

capsule. The clear protective coatings retain the distinctive 

irregular pear-shaped profiles acquired during confinement in 

the mother capsulej as shown in Fig. 228. x 516oo 
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Fig. 2 31 

Light micrograph of protoplasts releasing extracellular 

material inside their protective coatings. x 5,60o 

Fig. 232 & 233 

Serial sections of a dividing C. 42 walled cyst. Cleavage 

occurs longitudinally via a constriction around the cell which 

pinches inwards through the centre. x 12,500 

Fig. 234 

A section of a C. S-1 newly-fo=ed daughter Protoplast inside 

its translucent unstructured protective coatingo prior to the 

deposition of a new cyst wall. x 15vOOO 

Fig. 234A 

The protoplast in Fig. 234 examined at higher magnification reveals 

two nucleomorphs (NM) and an extensive Golgi body (GB)- 329500 

Fig. 235 

A section of a C. S-1 daughter protoplast inside its clear 

unstructuxed protective coating. The extensive Golgi system (GB) 

displays inflated Golgi vesicles, similar in appearance to those 

observed in palmelloid cells. This Protoplast shows no evidence 

yet of the deposition of extracellular materials inside the 

protective coat. x 15,000 

Fig. 236 

A section of a C. S-1 daughter Protoplast showing the early 

stages of cyst wall deposition inside the unstructured trans- 

lucent protective coating. Extracellular materialsq releas ed 

via the gullet are deposited loosely around the external surface 

of the cell. x 159000 

Fig. 237 

A section of a C. S-1 cyst showing the capsule to be in a 

stage of formation intermediate between the cysts in Fig. 236 and 238- 

x 159000 
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Fig. 238 

A section of a C. S-1 walled cyst showing a compactly-structured 

mature cyst capsule deposited within the still-present outer 

protective coating of the daughter protoplast. x 159000 

Fig. 239 

A mature pear-shaped C. S-1 cyst within the remains of the 

irregularly pear-shaped protective outer coating (arrows) of the 

daughter protoplast. x 159000 

Fig. 240 & 241 

Light micrographs of C. 42 walled cysts showing a compressed 

reduced protoplast within a translucent spherical capsule. 

7P500 

Fig. 242 

A section of a C. 42 cyst form corresponding to the cysts in 

Fig. 240 & 241, showing a daughter protoplast, within its 

translucent unstructured protective coat to be in a state of 

arrested development and possibly degenerating. The wrinkled 

appearance of the protective coating is probably the result of 

shrinkage during the fixation procedure. x 15POOO 

Fig. 243 & 244 

Sections of daughter protoplasts, healthy and viable compared 

to Fig. 242, dividing within their unstructured coatings 

without first acquiring a new cyst wall. x 12500 

Fig. 245 

A light micrograph of daughter protoplasts dividing within the 

confines of the mother capsule. x 4P500 

Fig. 246 

A section of a C. S-1 daughter protoplast displaying thick 

layer of densely-staining material deposited within the 
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protective coating. The protoplast does not have the degenerate 

appearance of the cell in Fig. 242. x 159000 

Fig. 247 
A section of a C. S-1 daughter protoplast having deposited 

a thick layer of densely-staining material similar to Fig. 246, 

has seemingly shrunk away from them becoming so reduced and 

compressed but for the presence of peripheral trichocysts 

(arrows) it is unrecognisable as a Cryptomonas cell. This 

cyst probably represents a resting or dormant condition. 

x 15POOO 

Fig. 248 to. 252 

A compilation of sections of Cryptomonas 58', C. 42 and C. S-1 

cyst capsules showing the variety of developmental stages 

occu=ing in the deposition of a cyst wall. x 159000 

Fig. 253 - 257 

Sections of CrT-OtOmOnas cYst capsules showing stages in the deposit- 

ion of the inner dense-staining layer. 3c 15,000 

Fig. 258 to 261 

Sections of different types Of CryPtOmOnas cyst capsules showing 

that in some stages of cyst development the protoplast. is closely 

appressed to the cyst capsule, while in others the protoplast has 

receeded away from the capsule (arrows). x 15,000 

0 

Fig. 262 to 264 

A section of a loosely structured cyst wall within the 

translucent protective coating of a daughter protoplast compared 

with the firmly compacted smooth spherical cyst capsule 

characteristic of a mature Cryptomonas walled cyst. Examined at 

high magnification2 the matuxe cyst capsule shows the distinctive 

tri-laminate construction2 and an ordered arrangement of the 

particulate material comprising the middle layer. 

Fig. 262 & 263 x 152000 Fig. 264 x 6o, ooo 
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CWTER II 

TRICHOCYSTS 

INTRODUCTION 

The trichocysts of the Cryptophyceae are a completely unique 

ejectile organelle apparently peculiar only to this class of algae. In 

considering that the Cryptophyceae have a number of features found in 

other classes of divergent affinities and therefore may represent a 

form of great antiquity in algal phylogeny, the trichocysts,, present in 

all species of this class,, have special interest. 

Early light microscopists were aware of the existence of 

213 

11 
cryptophyte trichocysts (Von Steinp 1878; Butscheli, 1878; De Lanessano 

11 
1882; Kunstler, 1889; Alexeiff, 1911) but the first description of 

the gullet trichocysts was made by Pascher (1913) who reported a jerking 

motion of the cell during trichocyst discharge and attributed it to 

muscular-type contractions of the cell. Kruger (1934) observed the two 

trichocyst sizes, the small peripheral and the larger gullet ones, the 

existence of both later to be confirmed by Dragesco (1951) who initiated 

the study of trichocysts in the electron microscope, 

The trichocysts of Chilomonas paramecium were described by 

Anderson (1962) as densely staining inclusion bodies of a unique type, 

consisting of two unequal components enclosed by a thin membrane. He 

proposed the first structural interpretation of the trichocyst, seen 

in thin sectionst as depicting a 'trapezoidal? small unit sitting 

within a laxger 'hexagonal' component. Joyon (1963) agreed in general 

with Anderson's account of trichocyst structure in C. 
-paramecium and 

suggested that there might exist a comparison with ciliate trichocysts 

in which molecular re-arrangement takes place during discharge from the 

cell. 

0 
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The structure of the cryptophyte trichocyst has been well 

documented in previous studies (Hovasse, 1965; Hovasse et al., 1967; 

Schusterg 1968; Mignot et al. 9 1970; Wehymeyer, 1970; Dodgeq 1973; 

Santorev 1975; Hausman, 1978). It is generally accepted that the 

undischarged trichocyst consists of two cylindrical bodies, each a 

tightly wound coil of tapering ribbon having the narrow end of the ribbon 

at the centre of each coil. (In this. text the coils being referred to as 

the major and minor coils or the major-and minor components). The 

minor coil is tacked at an angle into the funnel-shaped depression 

at the distal end of the major coil and is attached to it by a special 

connecting piece, described by Hovasse (1965) as a tubular structure 

joining the two coils. 

When the trichocyst discharges from the cell, a long tapering 

tube is formed by the lateral in-rolling of the edges of the ribbon 

(Hovasse et al., 1967). The main shaftýof the tube is formed from the 

major coil of ribbon, the minor coil forms a similar shorter tube that 

remains attached to the broad end of the main shaft and is carried at 

a distinctive angle, giving to it the characteristic beak-like tip. 

Hovasse et al. (1967) compared the cryptophyte trichocyst to the R- 

bodies of the Kappa particles of, Paramecium aurelia, previously described 

by Anderson et al. (1964) as "a roll of ribbon which can suddenly 

0 unwind to produoe a filamentous form", pointing out that the similarities 

of these two structures suggests a similar origin. 

Histochemical studies on the chemical composition of cryptophyte 

trichocysts have been lacking. Although Schuster (1968) pursued the 

comparison of trichocysts with R-bodies in an attempt to prove that 

trichocysts are endosymbionts similar to R-bodies, his reports of 

histochemical testg to locate DNA in the trichocysts with D-thymidine 

labelling and further tests (Schuster, 1970) involving digestion of 

f 
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trichocysts by various enzymatic treatments all proved inconclusive. 

To date the only evidence of the chemical nature of the trichocysts 

is from a study by Mignot and Hovasse (1973) who discovered that 

cryptophyte trichocysts dissolve rapidly when treated with pronase 

or pepsing thus showing that they are proteinaceous. They also tested 

trichocysts with silver proteinate using the Thiery technique but the 

results were not significant. 

The formation and development of the trichocysts in Hemiselmis 

and. Ci-mtomonas was studied by Weh=meyer (1970) who proposed that 

trichocysts originate in the Golgi body, and are then transported 

during development in vesicles to the periphery of the cell. He also 

observed that surplus trichocysts are absorbed and decomposed by lysosomes. 

The positioning of the peripheral trichocysts in spaces between the 

periplast plates was described by Gantt (1971)9 who also reported small 

inflated appendages consistently present over the empty trichocyst 

vesicles. She suggested that the function of these appendages might be 

to close the open pore after the expulsion of the trichocyst. 

Small accessory components within the trichocyst vesicle were 

first described by Santore (1975) who observed that one of these 

components, a small, osmiophilic bar-like bodyq might perhaps induce 

pore formation and dischargep acting in some way as a trigger. Extensive 

work on the arrangement of the periplast plates and the positioning of 

the trichocysts between them was also reported by Santore (1975). 

Hausman (1978) in his review of. ejectile organelles of protists 

places the cryptophyte trichocyst in the category of 'ejectosomes, 

defined as having a resting state in the form of a spirally wound ribbon 

tk&t upon ejection becomes tube-like. He includes in this category the 

prasinophyte trichocyst and mentions the comparison with the R-bodies of 

the Kappa particles of Paramecium. In a comparative study of algal 

phylogenyt Taylor (1978) has placed great importance on the apparent 
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morphological similarity of the cryptophyte and prasinophyte trichocysts 

as evidence for a close relationship between the two groups. 

The complexity of the cryptophyte trichocyst and the many 

different aspects of it that were studied, necessitated the dividing of 

the trichocyst chapter into four parts. Part I deals with trichocyst 

formation and structure; Part II, with trichocyst substructure; 

Part III, with the effect on trichocysts of stains used in fixation; 

Part IV, a comparison of the substructures of the cryptopbyte and 

prasinophyte trichocysts. 

0 
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TRICHOCYSTS - PART I 

CBSERVATIONS 

UNDISCHARGED TRICHOCYSTS 

The development of the trichocysts in Cz7ptomonas has been 

investigated in considerable detail by Wehrmeyer (1971) and Santore 

(1975) and additional observations have been made in this study. 

Tiny developing trichocysts in Cryptomonas can generally be found in 

the vicinity of the Golgi body (Fig. 1& 2). Small densely 

osmiophilic bodies can be seen in Golgi vesicles budding off from 

the lamellae (Fig. 2, arrow) with many developing trichocysts in the 

immediate vicinity. Trichocysts can be found in varying stages of 

development from an almost undistinguishable, blob in a Golgi vesicle 

(Fig. 3, arrow), to a more recognisable t. s. trichocyst of 3 turns, 

to a larger but still immature trichocyst of 6 turns (Fig. 3). 

Developing trichocysts apparently migrate either towards the periphery 

of the cell or towards the rows of large gullet trichoeysts, positioned 

perhaps to form a new corresponding set required at cell division or as 

replacements after discharge of mature trichocysts (Fig- 4). 

After budding off from the Golgi body, the developing trichocysts 

can be found almost totally encircled by rough Ea (Fig- 5& 6). 

Development of the large coiled component seems to occur first while 

the small component still remains a rather ill-defined mass (Fig. 7& 8)- 

The method of trichocyst discharge has been much speculated upon 

because trichocysts arrested at incomplete stages of discharge have 

not been unequivocally observed in thin section or otherwise. 

Inflated balloon-like evaginations of the cell surface situated 

over peripheral trichocysts prior to discharge were reported often to 

be present in thin sections by Gantt (1971) and in scanning electron 
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micrographs of whole cells by Santore (1975). Similar features 

(Fig. 109 11,12) may be observed also over gullet trichocysts 

(Fig. 16). In many instances the inflated evagination can be seen to 

involve only the plasmalemm (rig. 10,11,12)p remaining attached to 

the cell surface by a narrow neck immediately subtending the small 

component of the trichocyst which presents itself toward this point 

whilst still contained within its own vesicle. It is not 1mown if 

these blister-like features are present in life; they could be a 

consequence of extensions of the plasma membrane during fixation. 

However, they undoubtedly indicate the specialized regions of the 

cell surface that will later become the exit pores. They are further 

distinguished structurally as small axeas of membrane unsupported by 

the periplast platesq which are clearly visible underlying the 

surrounding plasmalern (Fig. log 119 12). They represent therefore 

weak points in the pellicle. The formation of such balloon-like 

evaginations might be a resultg directly or indirectly, of the tendancy 

of the contents of the trichocyst-sac to push outwards in preparation 

for discharge. The trichocyst within its vesicle is a turgid structure 

as demonstrated by its ability to withstand exterior pressure from a 

lipid deposit (Pig. 9). 

There can be no doubt that noxmally a porep at first smaller 

than the diameter of the coils of the trichocystsjultimately opens 

precisely in this position (Fig. 14). It can clearly be seen that 

the plasmalemm has by then become continuous with the membrane of the 

trichocyst-sao. It would seem likely that such a fusion of the plasma- 

lerma and trichocyst-sac must be preceded by apposition of the two 

membranes of plasmalemma-unI4 trichocyst-sac. The condition represented 

in Fig. 18 & 19 is of special interest in this context. In these 

profiles the area of the future pore is sealed by a tripartite layer, 

0 resembling a single membranev confluent at its mp gin with the fused 
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membranes of the trichocyst-sac and the plasmalemma. This observation 

suggests that coalescence and obliteration of the cytoplasmic halves 

of two apposed membranes has occurred to form a single septum. Such 

a lamella, membrane-likeg but constituted without a cytoplasmic surface 

and with osmiophilic layers continuous with the external leaflets of 

two different membranes might well be unstable, representing only a 

transient state of short duration consistent with the rare observation 

of profiles of this type. 

It seems less likely that the single lamella, represents the 

static structure of a specialised pore area, established well in advance 

of dischaxgel because it is not encountered frequently in sections of 

mature trichocysts. Furthermore surface blisters consisting appaxently 

of plasmalemm only could hardly occur after the membranes had 

coalesced to form a single lamella. 

After coalescence of the trichocyst-sac and the plasmalerm 

the resulting septum (Fig. 19) could break open to form the pore (Fig. 

13P 14P 15 & 21). The order of release of the trichocyst appears to 

be the small component firstp followed by the large component, and it 

is noted that the position of the large component prior to dischaxge 

can vary from vertical to horizontal (Fig. 13 & 14). In longitudinal 

sections of the mature undischarged trichocyst the structure considered 

to be the 'central spindle' can be seen passing through the centre of 

the laxge component and widening slightly towards its base where it 

appears to be attached to the limiting membrane of the trichocyst 

vesicle (Fig. 159 177 & 1790 arrows). After the trichocyst has 

discharged from the cellp remnants of the 'central spindlet may still be 

observed in the empty trichocyst-sao (Pig. 17). 

In sections of the undischarged trichocysts a number of 

associated components of complex structure can be seen on either side 

of the small coil. These are regularly arranged, presenting typical 

profiles according to the plane of section. Characteristic aspects 
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of these structures are seen commonly in l. s. of the trichocyst 

(Fig. 18). Santore (1975) described the most conspicuous groups of 

these components as comprised of an osmiophilic bar having floccular 

material at each end and two adjacent oval structures located on either 

side of the small component. Santore (1975) considered the dense bar- 

like, bodies to be rods (approximately 10 m. in diameter) because they 

were to be found in only two adjacent sections of a longer consecutive 

series. The group profiles described by Santore are shown below to be 

transverse sections of different parts of a single structure, referred 

to in this text as the helix, coiled twice in arcs of increasing 

diameter anterior to the small component and descending as a tube 

through the central channel of the major trichocyst component. The 

osmiophilic bar is the cross-sectional profile of the dense staining, 

strap-like anterior part of the helixq seen at high magnification oz 

having a honey-comb-like sub-structure (Fig. 20), while the oval 

profiles appear to be transverse sections Of-ý401aý structures (Fig. 

19 & 20). 

The dete=ination of the position and stract=e of this helix 

began with the examination of glancing sections through the periplast, 

which reveal a number of the small trichocysts Positioned between the 

periplast plates (Fig. 22). The trichocysts in this section have been 

cut in t. s. through the extreme tipp revealing a tinY portion of the 

small component enclosed within a dense ring. It was first thought that 
4 

this might be a ring-shaped thickening or pad of material within the 

trichocyst-sac as a structural support at the ma gin of the pore. But, 

the examination of many thin sections out perpendicular to the plasma- 

lemm through this area did not reveal any evidence for such a ring 

other than the edges of the periplast plate associated with the plasma- 

lemma at the margin of the pore areas. 

0 
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A deeper glancing section reveals the apparent ring to be 

attached to an inner curl of material (Fig. 22at arrows ) which can 

be seen to be part of the connecting piece between the small and large 

trichocyst components (Fig. 34, arrows ). 

A lengthy study involving several hundred t-xichocyst sections 

in diverse planes of sectionp was made of this ring and its relationship 

to the trichocyst. Micrographs of unrelated glancing sections through 

trichocysts showed a dark tube-like structure consistently positioned 

above and encircling the small component of the trichocyst (Fig. 23 to 

28). Often observed directly beneath and lying in an approximately 

parallel plane to this tube, but following a curve of rather wider diameterý 

is a second tubular structure of less dense appearance (Fig. 270 28 & 

30)- 
Serial transverse sections of trichocysts cut through these two 

tube-like structures revealed that they form a single spiral structure 

having the dark part coiled above and within the wider less dense 

portion (Fig. 33 & 34). The shape in cross-section as well as the 

electron density of this helical structure changes during the first turn 

of the coil. Longitudinal sections of trichocystso cutting approximately 

transversely across this helical tubeq present the familiar profiles of 

an osmiophilic bar and oval structures located on each side of the 

minor coil of the trichocyst ribbon (Fig. 18). In a typical l. s. of a 

trichocyst a single dense 'bar' is seen, but examination of many different 

planes of l. s. section, two dense 'bars, can be seen (Fig- 41P 439 44,45 

& 52) representing the upper dense turn of the helix transversely 

sectioned in two places. 

In three sets of serial sections (Fig. 33 - 34; 35 - 36; 

37 - 38) the darkýýd of the helix can easily be identified and its 

position within the trichocyst traced from section to section. In a 

a series of micrographs in different longitudinal planes of section various 
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aspects of this helical component are revealed (Fig- 39 to 46). The 

outer terminal part has the appearance of a dense band when cut along 

its length (Fig. 39) and in t. s. that of a short solid dense bar with 

fibrous material at either end (Fig- 439 45 & 46). Glancing longi- 

tudinal sections through the upper turn show the fibrous material to 

be attached along the lateral edges of the dark band (Fig- 43 & 46). 

Extensions of material from both edges of the band appear to form a 

fine fibrous cap over the top*of the small coil of the trichocyst 

(Fig. 64,66). The dark part of the upper gyre of the helix and its 

attached fibrous material (Diagram I), give the impression in some 

sections of a dark ribbon within a wider pale band of material (Fig. 

32). This fibrous material has only been observed attached to the 

upper t urn of the helix. 

Longitudinal and transverse sections through the second turn 

of the helix have a very different appearance to those described above 

for the upper turn of the helix. The t. s. sections of the second turn 

of the helix show a hollow tube with the material in the centre (Fig. 19 

while the corresponding median longitudinal sections reveal a fine line 

of densely stained material running centrally along the lumen of the 

tube (Fig. 319 47P 489 499 50 & 51). 

The structural transition in the upper gyre of the helix from 

tubular to the band-like form has not been elucidated in detail. 

Observationsp interpreted in the diagramatic sketches of the helix 

(Biagi-am I), show the change in structure from that of the dense 

strap-like band of the upper turn to the tubular form of the second 

turn. The strap-like region of the helix, structurally continuous 

with the open tubular part of the second turn, may perhaps be a thickerp 

more compact and flattened extension of the dense thread observed in 

the lumen of the tubular-part. Alternatively, this change in the cross- 

sectional profile of different parts of the helix might be explained 
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if the structure is tubular throughout, but is flattened diametrically 

in the upper turn, by a process of lateral coalescence and consolidation 

of the walls of the tube (Diagram II) into a solid strap, while the 

ends, formed from the remainder of the tube retain the hollow rounded 

look seen in Fig. 20. 

Schematic diagrams (Diagrams III & IIIA) compiled from dozens of 

micrographsq trace the helix completing almost two gyres over the 

top of the small component and then descending in tubular form through 

the central lumen of the major coil of trichocyst ribbon (Fig. 50 & 52). 

A thick section (J lim)reveals the descending tube as a distinct structure 

separate from the fibrous, amorphous material (Fig. 56, arrows) also 

present in the anterior cavity of the t=ichocysts major coil. In other 

thick sections (J to pM)larger parts of the helix can be cle' arly 

traced coiling spirally around and over the small component topping it 

with a cap of fibrous material (Fig. 54 & 57). 

The far end of the upper turn of the helix appears to be attached 

to the connecting piece between the minor and major ribbon elements of 

the t=ichocysts at a point beyond the abrupt bend in the connecting 

piece near to the small coil (Fig. 579 60 & 61, arrows). The attachment 

of the ý41; raj structure in this position can be also seen in micrographs 

of discharged trichocysts described below. 

Thick sections also reveal interesting information concerning 

the connecting piece between the major and minor trichocyst coils. 

The connecting piece has been previously described as a tube (11ovassep 

1965a) and certain planes of thick section show a rather tube-like 

profile (Fig. 56) but others show the appearance of separate strands 

originating from the outer layer of the large component (Fig. 55 & 56). 

Examination of many sections in the axea of the connecting piece 

revealed that it begins as a many layered structure close to its 

attachment with the large component (Pig. 62 & 76) but several branches 

split from it before the remaining portion makes the characteristic 
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DIAGRAM I 

Schematic representation of helix 
in relation to the major coil. 

DIAGRAM Il 

Schematic representation 
of the structural 
transition in the helix. 

0 

DIAGRAM nT. - 

Schematic representation of helix in relation to 

the major and minor coils and associated tubules. 

0 

T5. A-A 

A 
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DIAGRAM IIIA : 

A schematic representation of a Cryptophyte Trichocyst showing 

the helix and the connecting band with its associated tubules 

in relation to the major and minor coils of ribbon. 

. 
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abruptly angled bend (Fig. 67 to 76) to join with the minor coil. 

Sections across these strands branching off from the connecting piece 

tend to confirm that they have a tubular form, and that there are 

generally seven in number (Fig. 71 & 72). These tubes can be traced 

f=ther as longitudinally sectioned strands descending into the funnel- 

shaped anterior cavity in the major coil (Fig. 81 & 84) and also 

observed in transverse sections of the trichocyst in this position 

between the major and minor trichocyst coils (Fig. 81 & 82, arrowst 

Diagrams III and IIIA). 

Additional and finer tubules have been noted consistently in 

the cavity of the minor coil of ribbon. Examination of these tubules 

show them to be directly connected to the internal edge of every layer 

of the coiled ribbon by fine fibres (Fig- 83,85t 89Y 91 & 93, arrows). 

In glancing longitudinal sections of the minor coil (Fig. 77Y 78, &'80) 

the tubules can be seen as parallel lines passing along the proximal 

edges of successive layers of the coil. In t. s. they are seen as 

concentric rings similar to the coiling of the minor coil in t. s. (rig. 61). 

Hovasse (1965) described a structure which he called the 'tube 

d1union, as linking these small tubules to the 'central spindle' of 

the major coil. Altho-uý a distinct tube was not observed, a colu=qr 

structure, found in the cavity of the small coil, appeared to ha; 7e 
0 

connections with the small tubules (Fig. 94). A comparison of 

Pig. 94 and Pig. 93 shows that this column structure is probably a 

continuation of the amorphous material noted above to be present 
in the central cavity of the large coil. 

DISCHARGED TRICHOCYSTS 

When discharged from the cell, the trichocyst ribbons are found 

9 
to be rolled laterally in the form of a tapering hollow tube. The 

large component has become the main shaft while the small componentg 
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similarly rolled into a tube, is carried at a characteristic angle 

to the main shaft giving the classical 'beak-like' aspect of the whole 

structure (Fig. 95). In metal shadowed whole mounts of trichocysts the 

liýk between wider ends of the now tubular large and small components 

often appears as a dark blob (Fig. 95a). Taking into account the 

distortion and flattening inevitable during air drying prior to metal 

shadowingg negatively stained preparations may give better preservation 

and a clearer picture of the shape of the connecting bridge between 

the two components. In every trichocyst examined this region appears 

to be a continuous thickv flat-topped fold fixing the angle at which 

the large and small components extend from it. In many examples a 

mail round mass of material can be found positioned exactly over this 

fold and almost obscuring it (Pig. 979 989 100P 1019 104). In metal 

0 
shadowed whole mounts this material cannot be distinguished separately 

from the connecting fold. Thus, in many previous studies this axea 

has been described as a rounded Joint or nodule Positioned between the 

two components 0150 referred to by Schuster (1968) as a granule, and by 

Santore (1975) as a rounded protuberance* 

In many whole mounts a small stump projects outwards from the 

0 

connecting fold (Fig. 96,979 98,999 100,105 & 106). It was thought 

at first that these might be casual artifacts occurring during the 

drying down of the whole mounts, but examination of many trichocysts 

from different genera revealed them as an accessory component usually 

retained on the dispharged trichocyst. 

Tracings (Fig. 96A-104A) of micrographs of discharged trichocYsts 

assist the interpretation of this extra component which can appear 

not only to be joined to the connecting fold but to completely encircle 

it ( Fig. 98A and 99A) at the point of attachment. This 

st=p-like extra component is regarded as the remains of the helix 

0 (described above) which was situated in the trichocyst vesicle anteriorlY 
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to the coiled ribbon and attached to the connecting piece between the 

large and small components prior to discharge. Upon discharge from 

the cellq most of the helix appears to be torn from the connecting piece 

leaving only a short stump still attached (Fig. 107). The remains 

of the fibrous capq which topped the helix in the undischarged trichocysty 

may also be retained in the form of a rounded mass of material commonly 

retained and appearing to be caught on the projecting short stump 

(Fig. 98). The width of the projecting stump, and therefore presumably 

the dimensions of the helix in the undischarged trichocyst, appears to 

vary in different cryptophyte genera (Fig. 96,989 1059 106 & 107). 

In whole mounts prepared by critical point drying for scanning electron 

microscopy, the discharged trichocysts commonly have a Y-form with the 

stump-like component appearing sometimes to be almost as long as the 

0 'beak-likel small component (Fig. 106). 

. 

Dischaxged trichocysts treated with Triton X-100 and negatively 

stained in whole mounts were examined for evidence of substructure. 

Although traces of an irregular substructure can be observed (Fig. 107 

to 113) the Triton X-100 appears to have disrupted or obscured the 

regular periodicity. Use of Triton X-100 enhances the tendancy of 

discharged trichocysts to adhere to each other longitudinally. Many 

trichocysts stuck together in this manner can give a deceptive pattern 

of longitudinal lines along the length Of what might mistakenly be 

considered a single trichocyst tube (Fig. 110 & 111). In many whole 

mounts prepared with Triton X-100 the trichocysts became coated by a 

contaminating deposit when exposed to the transmission beam before they 

could be examined. The contamination was in the form of a consistant 

pattern of black spots along the centre of the trichocyst and rows of 

smaller spots lining the lateral edges (Fig. 114)- 

0 
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DISCUSSION - PART ONE 

The observation of developing trichocysts near the Golgi body 

and the presence of small dense aggregates in Golgi cisternae, 

comparable with those in adjacent vesicles, although in contrast with 

the report by Santore (1975)p adds to Wehrmeyer's (1970) earlier 

evidence in which he concluded that trichocysts may originate in the 

Golgi body. Howevert the finding of many small developing trichocysts 

enclosed in pockets of ER must be considered in relation to the 

alternative proposal of Santore (1975) who noted an association with the 

ER and suggested cryptophyte trichocysts might originate in the ER in 

a similar mazmer to that of the trichocysts of Paramecium caudatum and 

Frontonia vesiculosa, (Yusa, 1962,1965). The results obtained here 

indicate that trichocyst formation may involve initiation in the Golgi 
6 

followed by a period of developed during which the trichocyst vesicles 

i 

are closely encircled by rough ER. 

The osmiophilic 'barl plus oval structures described by Santore 

(1975) in longitudinal sections of undischarged trichocysts have 

been shown to be transverse sections through a helical structure. The 

position of this helix, with its associated fibrous material, surrounding 

the top of the small component, suggests a likeness to a compressed 

spring which is capped by a fine web of fibrous material supported over 

the anterior gyre. The physical behaviour of the trichocyst ribbon 

indicates that it is elastically defo=able, having the inbuilt ability 

at release to instantly uncoil longitudinally and roll laterally into a 

tube. This suggests that the latter state is its stable shape. A 

state of tension may therefore exist in the ribbon when it is coiled 

longitudinally into a cylinder since this configuration precludes the 

two opposed flexures required to transform it into the resting state of 

a straight tube. The special position of the minor coiled ribbon nested 
0 

within the anterior hollow of the larger one could be a spatial 
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arrangement which mutually locks them together preventing their 

uncoiling inside the trichocyst vesicle. 

It is an essential feature of this concept that the tendancy of 

the small component to unwind is prevented by its confinement within 

the surrounding major component. The latter would in turn be unable to 

unwind because its outer end is attached to the minor component by the 

thick connecting link. Such an arrangement might be stable in spite of 

considerable tension in the coils, especially if the link is comparatively 

rigid and provided the components are not displaced. The tubular 

accessory helix situated ante=ior to them might also have some function 
0 

in holding the small coil in position or in triggering its release. 

Little or no restraining force might be required to hold the minor- 

coil within the major. Perhaps the mere presence of the helix, anterior 

to the small component, holds it in position by the attachment. of the 

posterior end of the helix to the trichocyst vesicle. The release in 

some way of this helical spring-like structure might provide a small 

outward traction sufficient to disengage the two elements of the ribbon. 

When free from each other, the strong tendency of the ribbon to roll 

laterally would necessarily be accompanied by uncoiling. This physical 

change from a highly stressed shape to the tubular form would involve a 

release of energy manifested in a mechanical process that could become 

explosively rapid as each step of relaxation at the molecular level adds 

its quota of kinetic energy to the momentum of the Moving ribbon. The 

substructure of the ribbon before and after discharge from the cell is 

discussed below in Paxt II of this chapter. 

A 'central spindle' (Wehrmeyer, 1970; Dodge, 1973; Santore, 

1975) is often seen in l. s. trichocysts to occupy a columnar position 

in the hollow axial channel of the major coil. Although it has been 

suggested that this 'central spindle' might be divided into two parts 

(Santore, 1975) occupying respectively the upper and lower chambers of 

the channelq observations in this study show that there exists a 
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continuous structure occupying a columnar position in the hollow axial 

channel of the major componentjdescribed above as being the descending 

tubular portion of the helix. It is thought that this tube alone fully 

occupies the-narrowest part of the channel. A second central structure 

seen also to occupy the central hollow of the major coil has the 

appearance in t. s. of a structured core of material. It is this 

central core of material that previous authors have confused with the 

helix. Observations in this study show that these two structures are 

distinctly separate and that the structured core of material does not 

pass through the narrow central channel of the major coil but appears to 

extend upwards into the cavity of the minor coil connecting with the 

small tubules inside. The tube d1uniono described by Rovasse (1965) 

as coming from. the cent=e of-the minor component and Joining to the 

0 'central spindle', in all probability is Just the total profile of this 

core of material. 

Santore (1975) reported the presence of knob-like thickenings 

attached to the end of each layer of the minor coil in 1-s. These 

knobs are transverse profiles of little tubules which appear to be loosely 

attached along the inner edge of each turn of ribbon by a fine fibrous 

membrane. These tubules may perhaps be concerned in the process by 

which material is added to the ribbon along its edge, appearing in 

0 section to be at the internal ends of the laminae of the coil. The 

concept that these tubules play a role in trichocyst formation, plus 

their apparent attachment to the central core of material gives support 
to the suggestion by Wehrmeyer (1970) and Santore (1975) that the central 

core(Icentral spindle', as described by them) might be involved in some 

way in trichocyst development. 

The connecting piece (or connecting band) forming the sharply- 

angled join between the major and minor has been a very difficult '%. P- 

featL=e to elucidatep especially in view of the varied concepts of its 

form schematically diagramed by previouý authors. Hovasse (1965) 
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first described the connecting piece as a tubular connection between 

the large and small components. In a later study with colleagues 

(Hovassep Joyon and Mignot, 1967) he portrayed in a diagram the major 

componentp the minor component and the connecting piece all to be 

structured from a single flat ribbon, tapering to and coiling from 

each endt with a straight line drawn across the ribbon as an indication 

of the connecting joint between the two coils. Observations of the 

connecting piece show that there is indeed a piece of ribbon extending 

from the outer turn of the major coilJappears to be continuous with the 

minor coil. Butp considering the propertwsof the ribbon material and 

its ability to roll laterally into a tube, it could also be considered 

that this connecting band must be under similar strain to roll into a 

tube were it merely a piece of the same ribbon lacking the constraint 

of being held in a coil. Detailed observations have shown that the 

connecting band apparently splits longitudinally into approximately 

eightp more or less equally wide, sections. Each of the seven upper 

sections of the split ribbon appears to have a tubular shape. This 

would suggest that each of the split sections rolls. laterally into a 

tube responding tojtendancy of the ribbon material to roll up width- 

wise. The remaining portiong continuing the connection between the 

major and minor componentsp appears in some sections to be composed 

0 of up to 3 layers of ribbon as though specially strengthened. Although 

the connecting piece has been observed to be a continuation of the 

single outer layer of the major coil, the several layers of thickness 

observed in the connecting piece are difficult to explain, but appear 

to prevent it from becoming tubular. The seven tubes which branch off 

from the connecting band were traced to pass over the top rim of the 

large component and descend into its funnel-shaped cavity. The function 

of these tubes and their role during trichocyst discharge is open 

0 for speculation. 
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PART Il TRICHOCYST SUBSTRUCTURE 

INTRODUCTION 

To datet careful observations by previous researchers (Hovasse 

et al., 1967; Santore, 1975) have failed to reveal any details of 

trichocyst substructuret prepared in sections or whole mounts, at 

levels of resolution attained in the electron microscope. The physical 

properties of the cryptophyte trichocyst and its ability to roll into a 

tube suggested the presence of a highly ordered underlying substructure 

in the material of the ribbon. 

In this study the use of a ruthenium red fixation method has 

made clearly apparent a periodicity visible in thin sections of 

undischarged and discharged trichocysts which ultimately presented 

VI opportunity for detailed examination of the trichocysts substructure 

by various methods including optical diffraction, and initiated the 

comparison of the macro-molecular structure in both the resting and 

discharged trichocysts forms. 

Observations and Discussion 

I In cells fixed by the standard glutaraldehyde and osmic acid 

method, undischarged trichocysts are often found disrupted by fixationg 
0 

fractured consistently into equal lengths of ribbon (Fig. 115), an 

observation also reported by Santore (1975) who suggested the fracturing 

might be analagous to that found in c3rjstalline substances. The 

concentric layers of the coiled trichocyst ribbong fixed in the standard 

method, can be seen and counted in favourable planes of section, but 

the fabric of the layers generally, appears very electron dense and lacks 

distinct evidence of periodicity (Fig. 116). 

Trichocysts in cells fixed by the ruthenium red method (materials 

and methods) appear less dense when compared with other cell contents 
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(Fig. 118), than trichocysts fixed using the standard glutaraldehyde/ 

osmic method (Fig. 117). Longitudinal sectionS(l. s. ) of undischarged 

trichocysts from fixations of material incorporating ruthenium red reveal 

a conspicuous and regularly periodic substructure that can be observed 

in both the peripheral trichocysts (pig. 119) and the larger gullet 

trichocysts (Fig. 120), although in this text the latter have been 

examined and reported upon in greater detail. Sections cut close to the 

median longitudinal plane of the major coil show the periodicity with 

great clarity. In sections cut at less favourable angles the periodicity 

could often be brought into view by tilting the preparation in the 

goniometer stage (PhiliPs 301G) (Fig. 121 to 124). 

In longitudinal sections the layers of the cylinder appear to 

be composed of alternate light and daxk sub-units arranged in rows 

v exactly parallel, or nearly so, to the axis of the cylinder (Fig. 120). 

In the emmination of three longitudinally and sequentially sectioned 

trichocysts well defined areas showing alignment of sub-units in two and 

three dixections can be detected (Fig. 1259 126 & 127, arrows), as might 

be found in sections of a para-crystalline material. 

Transverse sections (t. s. ) of the undischarged major coil reveal 

further information about the substructure. A regular arrangement of 

alternate light and dark units in each concentric layer is seen with 

& greatest clarity in sections cut close to the true transverse plane 

of the coil (Fig. 128). In certain areas, rows of sub-units can appear 

also to be aligned radially (Fig. 129, arrow) but an enlargement of such 

an area (Fig. 130) shows that the apparently radial alig=ent of sub- 

units is limited to short rows transversing only small areas of the 

section. The periodic aspect of the t. s. set against that of the l. s. 

gives a picture of a discontinuous substructure of small units arranged 

in directions approximately parallel to the transverse and longitudinal 

0 dimensions of coiled ribbon itself. 
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Several techniques were employed to examine in more detail the 

periodic-substructure of the trichocyst. The Maxkham, technique 

(Markham, 1963) of image intensification bYrbfl-ýý01`cý ami linear step- 

printing (materials and methods) across transverse and longitudinal 

sections of the major coil respectively dramatically clarified the 

periodicity. A comparison of an enlarged section of a transversely 

sectioned trichocyst (Fig. 130) to the same enlargement upon which a 

radial one-step reinforcement has been applied (Fig. 131) confirms that 

the spacing of the sub-units is uniform across a t. s. profile and that 

the sub-units appear to have a radially elongated shape. 

The Markham technique applied by linear step-printing to 

longitudinally sectioned trichocysts reveals that the spacing it%' the 

longitudinal rows of sub-units is standard over wide areas of the 

0 profile (Fig. 132). It also enhances the rows of sub-units which can 

be seen to be inclined in two preferred directions to the axis of the 

cylinder. In several places across the l. s. Profile distinct meeting 

points can be noted where rows of sub-units inclined in one direction 

meet rows inclined in an opposite and diverging direction (Fig. 132, 

arrows). 

An enlargement of a section of the outermost edge of an l. s. 

trichocystq where the ribbon width is decreasing, was examined to 

0 determine the position of the sub-units in relation to the thicImess of 

the ribbon. A two-step photographic image reinforcement was then 

applied to this region for a clearer picture of the substructure 

(Fig. 134). Analysis of the light and dark sub-units found in this 

regiong including a comparison with those in t. s. t=ichocysts, gives 

the impression that the sub-units are Of Particulate form, not iso- 

diametric but perhaps wedge-shapedg and distributed on a rectangular 

lattice approximately parallel and transverse to the ribbon (also 

4 
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confirmed by the diffractograms below). 

Another method involved in the examination of the trichocyst 

substructure was the mounting together of enlarged positive and 

negative transparencies of an l. s. trichocyst to produce a three- 

dimensional effect (Fig. 135) accentuating the varying directions 

of inolination of the sub-units. 

The average periodic distance between the da=k (or light) sub- 

units was dete=ined by taking centre to cent=e measurements of the 

interval between the dark sub-units arranged in vertical rows in the 

l. s., or concentric rows in the t. s. Calculations from many micro- 

graphs give readings of 3.8 to 4.0 rm. for the interval between the 

sub-unitsq and 6.5 to 6.9 im. for the thickness of the layers of ribbon. 

A more accurate and detailed analysis of the substructure has 

been made by optical diffraction of the Original micrographs. The 

diffraction pattern (Fig. 136) obtained at point (3) of the l. s. 

trichocyst in Fig. 125, shows the first and second order spots (C 
1 and 

C2 respectively) of the diffracted turns of the ribbon lamellae, and 

the first order spots (At Bv Z) of the diffracted periodicity. In 

Fig. 136 the key spots of the diffraction pattern have been circled 

and a lattice drawn through them to show the%-jo-drangular shape of the 

unit cell. 

Using the formula for the measurement of reciprocal space 

(Agar and Keown, 1978) dC = 1/C and dA = 1/A (where d= diffractogram, 

and A and C represent the actual size in the specimen). Calculations 

from diffractogram measurements give readings of 3.5 to 3-8 M. for 

the distance between the sub-units and 5.4 to 6.6 m. for the ribbon 

thickness. After calculations of ribbon thickness and sub-unit 

distances had been made from several diffractograms, it became 

apparent that diffractograxas taken from different areas of a single 

0 
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dA = VA 

-- 3. G dC = I/C 

ý 1. 
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FIG, 136 

dA = I/A 

FIG. 137 

FigO, 136'i Schemati6-diagram of the major coil showing the 
periodic distances between the sub-units to be 
represented by A and the lamellae thickness by Cp 
accompanied by the corresponding distances dA 
and dC on the diffractogram. 

Fig. 137-: Schematic representation of a discharged trichocyst 
tube showing the periodic distance between the sub- 

r'' units-to be represented by A and the corresponding 
distances on the accompanying diffractogram to be 

'represented by dA. 

0 
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l. s. trichocyst all gave slightly different readings. A series of 

six diffractograms (Series I, Fig. 138 to 143), taken on a horizontal 

line across the width of the l. s. trichocyst (Fig. 125) were compared. 

The diffractograms (Fig. 138 & 139) taken at points (1) and (2) of 

Figure 125 near to the centre of the l. s. trichocyst (where the ribbon 

width is sharply decreasing) give readings of 5-4 nm. for ribbon 

thielmess (C) and 3.4 rm. for sub-unit spacing (A)p which are smaller 

values than a-ny others obtained. In Table Ia comparison of these 

figures with those calculated from the remaining four diffraction 

points marked on Fig. 125 show that both the ribbon thickness and 

the sub-unit spacing appear to be decreasing in size towards the centre 
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of the coil where the ribbon width is also decreasing. Diagram IV, Figs. 

138(a) to 143(a), accocipanyiiig Series I diffractogramsp shows the 

angles of. t. he corresponding unit cells to increase across the profile 

of-the l. s. trichocyst from the centre of the coil (Fig. 138A) outwards. 

A second series of diffractograms (Series 11, Fig. 143 to 148) were 

taken at six points on the l. s. -trichocyst in Fig- *195. The values for 

ribbon thickness and sub-unit spacing obtained from these diffracto- 

grams, when compared in Table I to those of Series I, give added 

evidence to support the supposition that the ribbon thickness and sub- 

unit distances decrease toward the centre of the trichocyst coil. Diagram Vi 

0 
Figs. 144(a) -to 149(a)i. accompanying. Series II diffraotograms, confirms 

that the size of the unit cell is slightly li oints I arger at diffraction p 

(Figs. 148 & 149) taken nearer to the centre of the coil. 

Diffraction patterns of transversely sectioned undischarged 

trichocysts were more difficult to analyze. The diffraction of the 

concentric rings of coiled. ribbon produced a variation of curved patterns 

(Fig. 149 to 154). Some diffractograms (Fig. 149 and 150, arrows) show 

clearly curved alignments of tiny white spots representing the 

diffracted sub-units. Using the above formula for reciprocal space 
0 
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TABLE I 

L. S. Trichocysts with Point Sub-Unit distances Ribbon thickness 
di. ffractor points marked diffracted calculated from calculated from 

diffraciograms diffractograms 

SERIES I (A) nm (C) nm 

In 3-4 6-4 

Arrow indicates the order 
in which the di, ffractograms 
were taken.. 

SERIES 11 

4) 

3-4 5-4 

3-7 5o7 

3-8 5.9 

3-8 6-3 

3-7 6-6 

(A) nm (0) nm 
3-4 5-1 

3-4 5-9 

3-5 6-2 

3-5 6-4 

3-5 6-4 

3-5 6-2 

a- 
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(dA = l/A) the diffractograms gave readings of 5.7 to 6.0 m. for 

the ribbon thielmess, and 3.8 to 4-0 nm. for the sub-unit spacing. 

Longitudinal and transverse sections of discharged trichocysts 

Mced in the ruthenium red method show a distinct periodicity (Fig. 155 

to 161) which can also be compared to the periodicity observed in a 

discharged whole mount trichocyst stained in 29/6 uranyl acetate (Fig. 

162). Diffractograms, obtained from micrographs of both thin section 

and whole mount preparations. of discharged trichocysts, gave readings 

of 3.8 nm. for the sub-unit spacingo which compares favourable with 

values of 3.8 to 4.0 Z=. calculated directly from the micrographs. 

The periodic distances obtained from discharged trichocysts are the 

same as those found in undischarged trichocysts. Thus it seems apparent 

that no change occurs to the trichocyst substructure during its discharge 

from the cellwhich might affect sub-unit spacing. Diffractograms of 

undischarged and discharged trichocysts (Fig. 136 and 137 , respectively)p 

and the accompanying diagrams, illustrate the periodic distances of the 

trichocyst substructure before and after discharge from the cell. 

Optically filtered images of a longitudinally sectioned 

undischarged trichocyst (Fig. 170 & 172) were obtained by placing a 

mask, punched with a diffraction pattern (materials and methods), in the 

plane of the identical diffraction pattern projected by the laser. Thus, 

only the diffracted light from the pattern contributes to the recombined 

image while all other diffracted light ('noise') is completely elim, ted 

by the mask (De Rosier and Klug, 1972; Dickens, 1978). In comparing 

.a laser recombined l. s. trichocyst image (Fig. 169) with a filtered 

version of the same image (Pig. 171) it is apparent that the filtered 

image allows for a more detailed examination of the substructure and 

accentuates points of pattern divergence where the direction of the 

rows of sub-units appears to change in relation to that of neighbouring 

0 



241 

0 

rows of sub-units. A variation of masking techniques (Fig. 170 to 

172) were applied to the above l. s. trichocyst micrographv including 

" reduction of the light passing through the zero order spot by placing 

" tiny wire gauze over the zero order on the mask; and the narrowing 

of the laser aperture to reduce the size of the area intended for 

diffraction. The resulting filtered images 5sueamexci5jer-a-ferl picture of 

the elongatedf wedge shape of the sub-uhits ( Fig. 172A). 

In considering all the data presented concerning the trichocyst 

substructurep a hypothesis for the form of the substructure might be a 

series of lightly stained wedge-shaped Proteinaceous Projections (the 

light sub-units) aligned on'the inner face of the coiled ribbon, narrow 

ends pointing inwards, in horizontal and vertical rows and set in a 

stainable matrix (the dark sub-units). This assessment of the sub- 

structural form is purely subjective but it opens a new field of 

trichocyst study, image reconstruction by computer. Problems would be 

encountered in attempting image reconstruction from trichocyst diffraction 

patterns obtained from sections, because the determination of the 

structure of a three-dimensional crystalline form from sections of 

uncertain thickness would not be easily achieved (Dr. David Dover, 

personal communication) but important information about the exact 

molecular construction of the trichocysts could be gained from a study 

0 of this type. 

0 
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PART III 

FIXATION STAINING WITH RUTIEENIM RED 

INTRODUCTION 

Ruthenium red, an inorganic compound of empirical formula 

(Ru 
302(EN3)14)C'6* 4ý20, has been commonly used in optical histology as 

a selective stain to detect mucins and pectins (Jensen, 1962), acid 

mucopolysaccharides (Faaske and Steins, 1965), and lipids (Luft, 1971). 

The earliest electron micrographs attributing electron density to 

ruthenium red were published by Reiman (1961) who 
Lmonstrated 

that 

ruthenium red, added during fixation, could subsequently be detected in 

electron micrographs incorporated in the cell walls of diatoms. Later, 

Reiman (1965) reported that the effect of ruthenium red was weak when 

used to stain sections of embedded material but more intense if added 

in concentrated solution to cells before embedding. Luft (1971), in his 

extensive report on the use of ruthenium red in electron microscopy, 

suggested that the selective staining reactions of ruthenium red required 

the presence of 0s04 to produce sufficient density for the reaction to 

be visible in the electron microscope. He stressed the importance of 

the point of introduction of ruthenium red during the fixation sequence, 

noting that his most successful results were achieved by the addition 

of ruthenium red prior tojor combined withIthe 0804 fixation because 

addition of ruthenium red after the 0804 fixation produced no discernable 

effect. Luft (1971) also compared the similar chemical characteristics 

of ruthenium red and Alcian blue, observing that both are metal- 

containing polyvalent dyes which precipitate similar polyanions 

(Scott et al., 1964) and both bind to acid mucopolysaccharides and 

similar related. extracellular materials (Qunitarelli et al., 1964)- 

0 

0 



243 
0 

Observations and discussion 

The inclusion of ruthenium red during the process of fixation of 

cryptophyte cells was instrumental in effecting the initial observations 

of the trichocyst substructure. The most successful results were obtained 

from fixations where ruthenium was incorporated into the fixation 

sýequence with the glutaraldehyde, prior to the Osmic acid post-fixationg 

confirming Luft's (1971) observations. 

Following the success of the ruthenium red fixation method in the 

expos. ure trichocyst substructurep a variety of methods were employed 

for comparison. A longitudinal trichocyst section fixed in glutaraldehyde 

without an 0S04 post-fixation (Fig. 173) was compared with two similar 

sections also fixed in glutaraldehyde without an 0s04 post-fixation, 

one having had the addition of Ponceau S (Fig. 174v also see 

materials and methods) and the other the addition of ruthenium red 

(Fig. 175). Comparison of the three fixation methods reveals the 

periodicity of the trichoeyst substructure to be clearly visible in all 

three. The inclusion of Ponceau S, a stain used to detect basic protein 

(Gori, 1977), appears not to have rendered any change or improvement 

to the clarity of the substructure but the fixation incorporating ruthenium 

red appears to show better preservation of the substructural alignment 

of the sub-units across the trichocyst profile (Fig- 175). Additional 

0 electron density is observed in a similar trichocyst section also fixed 

in ruthenium red/glutaraldehyde without an 0S04 post-fixation (Fig. 176) but 

having a longer fixation time than was used in the preparation of 

material for Fig. 175. This increase in density supports Luftis (1971) 

observation that the depth of electron density produced by ruthenium 

red staining can vary with the length of time the material is left in 

fixation. 

0 
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Luft (1971)t in comparing the similar chemical properties of 

ruthenium red and Alcian bluev suggested that further study be done 

using these two dyes under parallel conditions. Thus, Alcian blue was 

added to the glutaraldehyde fixation (materials and methods), copying 

the procedure used for the ruthenium red fixation method, in an attempt 

to discern whether it would achieve a similar effect on the trichocyst 

substructure as that obtained with ruthenium red. Longitudinal sections 

of trichocyst fixed in the Alcian blue methodg without 0s04 post- 

fixation (Fig. 178), are identical in appearance to their counterparts 

similarly fixed in the ruthenium red method (Fig- 176). 

Close examination of the small peripheral trichocysts is often 

hampered by their densely osmiophilic appearance and general disruption 

by fixation. The structure and substructure of these small peripheral 

trichocysts in sections of material fixed by either the ruthenium red 

or Alcian blue method (Fig. 177 and 179 respectively) can be examined 

as readily as the larger gullet trichocysts. The inclusion of these 

stains in fixation appears to somehow lessen the occurrence of fixation 

disruption allowing a clear view of the substructure previously 

obscured in sections of material fixed in the standard glutaraldehyde/ 

osmic method. A comparison of longitudinal sections of trichocysts 

fixed in the ruthenium red method (Fig. 176 and 177) and the Alcian 

6 
blue method (Fig. 178 and 179) confixms that the reaction of'these two 

r1yes with the trichocyst substructuxe is very similar, both in fixations 

with and without an 0a04 post-fixation. 

In sections of material prepared in the standard glutaraldehyde/ 

osmic acid method the trichocyst substructure is not very conspicuousp 

but it still can be detected in very thin sections (Fig. 180) contra- 

dicting the findings of Hovasse et al. (1967). The apparent reaction of 

the post-stains with trichocyst material fixed in this standard method 

is of such an intensity as to almost completely obscure the substructure. 
0 
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A similarly prepared trichocyst section, not post-stained (Fig. 181) 

compared with the stained version (Fig. 160) shows the density of the 

reaction of the post-stains to trichocysts fixed in the standard method. 

In a total comparison of trichocyst sections fixed in the various 

methods described above (Fig. 173 to 181) it is apparent that the sub- 

structure can be seen in trichocysts from material fixed in every method, 

but the best views presented of the substructure axe from sections of 

material fixed in the ruthenium red and Alcian blue methods with an 

osmic acid post-fixation. The inclusion of these stains in the glutar- 

aldehyde fixation can produce sufficient density in the trichocyst 

substructure to be detected in the electron microscope but the 0s0 

post-fixation is required to give a more complete picture. 

An analysis of the chemical interaction of ruthenium red with the 

material of the trichocysts is uncertain because except for the discovery 

of the presence of protein in the cz-yptophyte trichocyst (Mignot and 

Hovasse, 1973) there is a complete lack of information concerning the 

chemical composition of the trichocyst. It has been suggested (personal 

communication, Dr. W. Griffith and Dr. John Hall) that ruthenium red 

might react with particular ionic sites in the trichocysts that normally 

would have interacted with osmium tetroxide, thus also preventing or 

diminishing their affinity with the post stains. Thus, it might be 

supposed that ruthenium redv or Alcian blue, could be reacting with the 

particular material comprising the white sub-units of the trichocyst 

substructure to create a stain endpoint (Luft, 1971) which blocks 

further binding with osmic acid and the post stains. The material sub- 

structure located between the light sub-units binds with the ruthenium 

red and/or osmic acid and also the Post-stains giving the resulting 

appearance of dark sub-units. 

In a report by Hibberd (1970) on the discobolocysts of 

Ochromonas tuberculatus, Alcian blue was used to detect the presence 

0 of acid mucopolysaccharides in the fibrillar, material of which the 
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discobolocysts are composed. Hibberd suggested that the precipitation 

of the polysaccharides induced by the cationic d7e might bring about 

a change in the property of the discobolocyst causing the expansion 

and discharge of the organelle by imbibation of water (Hovasse, 1949)- 

Although the mechanism invoking ejection of the cryptophyte trichocyst is 

unknown, possibly initiated by hydration of the trichocyst as suggested 

by Hovasse et al. (1967), the reaction of the trichocyst material with 

Alcian blue does not result in the expansion of the trichocyst causing 

it to discharge from the cell. In fact the inclusion of Alcian blue 

in fixation does not cause any apparent alteration in the general 

appearance of the trichocyst seen in section thus showing that the 

reaction of the cryptophyte trichocyst with this stain is different to 

that reported for the discobolocysts of 0. tuberculatus. 

Fixations incorporating ruthenium red and Alcian blue generally 

produced sections of cells showing increased contrast and less fixation 

disruptions in the cells when compaxed with sections of similax material 

prepared in the standard fixation method. The addition of these stains 

was particularly effective in emphasising the extracellular products of 

the cyst and palmelloid stages (see chapter on cysts and palmelloids) 

and somehow better preserving the fine fibrillar structures found in 

particular cell organelles (see chapter on nucleomorph). In the case 

0 of the cryptophyte (and-prasinophyte) trichocysts the use of ruthenium 

red and Alcian blue as screening agents, to reduce rather than increase 

the electron density in particular areas of a structure and ultimately 

emphasising the contrasting areas within the structure, might be 

considered a step in the development of a new staining technique for 

electron microscopy. 

0 
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0 PART IV A COMPARISON OF TBE PERIODICSUBSTRUCTURE OF THE 

TRICHOCYSTS OF CRYPTCPHYCEAE AND PRASINOPIIYCEAE 

The following text is published in Biosystems 12,71 - 83, April 1980. 

INTRODUCTION 

Trichocysts in other groups of flagellated organisms occur in a 

wide range of different forms (Hausman, 1978). However the crypto- 

phycean type shows no close resemblance to ejectile organelles found 

in any other group, with the exception of those found in some species 

of Prasinophyceae. This similarity merits the closest possible 

comparisont if only because of its phyletic significancep should it be 

found tq be one of homology rather than one derived in the separate 

evolution of an analagous structural and functional mechanism. 

The trichocysts of Cryptophyceae and Prasinophyceae in the 

undischarged state appear as cylindrical layered bodies. These are 

generally interpreted in both as coiled flat ribbons, comparable in 

dimensions and enclosed in vesicles limited by a single membrane. Both 

types of trichocyst discharge the coiled ribbon in the form of a straighto 

or slightly curved, hollow tube. 

The general similarity of design and number of distinctive 

featurescommon to the trichocysts of these two classes were first 

- brought to attention, and further discussed in relation to phylogeny, 

0 by Manton (1968). The special structure and mode of extension 

characteristic of these trichocysts compared with those of other phyto- 

flagellates and ciliates has been commented upon by Dodge (1973), who 

adopted the term of ejectosome (Anderson, 1962) rather than the 

morphologically descriptive name taeniobolocyst suggested by Mignot 

et al. (1970). Hausman (1978), in his classification of ejectile 
11 

organellesv reserves the category of 'ejectosomes' for ejectile 

organelles of ribbon constructiong placing in it the trichocysts of 

0 
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Cryptophyceae and Prasinophyceae, and including with them the IR-bodies' 

of the Kappa particles of Paramecium aurelia (Hovasse et al., 1967; 

Preer et al., 1966) since these also appear as cylindrically coiled 

ribbons having the ability of forming tubular structures. 

A complete documentation of the general appeamance and 

distribution in the cell of the cryptophyte trichocyst can be found at 

the beginning of this chapter, including many references to past authors 

who studied its structure and formation. The prasinophyte trichocyst has 

previously, been studied in detail by only one author, Manton (1968). She 

described the prasinophyte trichocyst of Pyramimonas Rrossii as a 

cylindrically coiled flat ribbon which upon dischaxge from the cell becomes 

a long hollow tube comparable with that of the cryptophyte trichocystq 

but it is comprised of a single coiled element and the resulting discharged 

tube thus lacks a beak-like tip (Fig. 182). Howeverv there is a more 

important difference between the construction of the two types of 

trichocyst tube. The discharged prasinophyte trichocystq viewed in whole 

mount preparations, has a series of spiral over-laps along its length 

showing (Fig. 182. -- 185), as Manton (1968) has explained by comparison with 

sections, that the ribbon remains spirally coiled. By comparison the 

cryptophyte trichocyst tube lacks these spiral over-laps (Santore, 1975) 

since it is formed from a-straight ribbon rolled inwards from its edges. 

Whilst no study of comparable detail ha's yet been made of 

trichocysts in other Prasinophyceae, Norris and Pearson (1975) have shown 

that the trichocysts in Pyraminomonas parkeae appear essentially similar 

to those found in Pyramimonas grossii but are slightly larger. 

The physical properties of the trichocyst ribbons, in particular 

their ability to assume a hollow tubular fo=9 suggests a highly ordered 

underlying substructure in the fabric of the ribbon. The general 

similarity in both resting and discharged forms of the cryptophyte and 

prasimphyte trichocysts suggested that a comparison of their macro- 
0 

molecular structures would be rewarding. Hitherto, ' careful observations 
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of sections and whole mounts have failed to reveal any details of 

substructure at levels of resolution attained in the electron microscope 

(Hovasse et al., 1967). In this study a periodicity was observed in 

thin sections of resting and discharged trichocysts of both Cryptophyceae 

and Prasinophyceaev by the use of a ruthenium red fixation method. 

OBSERVATIONS 

The individual Pyramimonas parkeae cell has approximately 

twelve trichocysts, 2 to 4 of which are, located in the flagellar pit 

under the plasmalemma, while the others appear to be randomly distributed 

around the periphery of the cell (Fig. 186). In comparison to the two 

distinct sizes of the cryptophyte trichocyst, the mature undischarged 

prasinophyte trichocyst occurs in only one size, its wound cylinder of 

ribbon having an average diameter of . 5pnand a height of .8 to . 94rn. The 

number of turns estimated for the coiled ribbon of P. T)arkeae, is 30 to 

329 a larger number than observed for P. -parkeae bY Norris and Pearson 

(1975) but similar to that reported for P. 9TOssii bY ýTanton (1968). 

Longitudinal sections of the conical-shaped prasinophyte trichocyst 

often appear positioned beneath the plasmalemma in such a manner as 

would suggest, that upon ejection from the cell the trajectory would be 

at an anglev rather than perpendicular, to the cell surface (Fig. 187 - 

190). 

Small tubules can be observed within the trichocyst vesicle 

outside the, trichocyst cylinder and inside its central cavity (Fig. 187t 

1889 189). They also remain after trichocyst ejection, in the empty 

vesicle (Fig. 190). 
_,, 

These tubules do not appear to resemble the 

accessory tubules and helix of the cryptophyte trichocyst (described 

in Part I). 

Trichocysts in cells of Cryptomonas 58 and Pyramimonas parkeae 

fixed by the standard glutaraldehyde and osmic acid method appear 

densely osmiophilic in comparison with other cell components. In both 
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Cryptophyceae and Prasinophyceae the concentric layers of the coiled 

ribbon can be seen and counted but appear generally dense without distinct 

evidence of substructure (Fig. 191). 

In cells fixed by the ruthenium red method the trichocysts appear 

comparatively less osmiophilic than by the standard method (Fig. 192 and 

193)- Sections in the median longitudin 1 plane of the undischarged 

cryptophyte trichocyst clearly reveal a conspicuous and regularly 

periodic substructure within the fabric of the ribbon (Fig. 195). The 

substructure, observed in both the small peripheral trichocysts (Fig. 

194) and the large gullet trichocysts of Cryptomonas ý8 (Fig. 195)9 

appears in each layer of ribbon as a row of regularly alternating light and 

dark units. The regularity and clarity of the substructure becomes less 

evident with departure from the median pldne of section of the coilq 

indicating an alignment of the rows Of sub-units perpendicular to the 

long axis of the ribbon itself. An enlarged view of a major coil in l. s. 

(Fig., 196) shows the substructure to be highly ordered, with the light 

and dark sub-units regularly aligned also in other directions, suggesting 

an integrally para-crystalline order. Close examination reveals 

individual light sub-units to be wedge shaped and aligned in the outer 

part of the coiled ribbon with the narrow end pointing inwards. 

Transverse sections (t. s. ) of the coils in undischarged 

trichocysts of Cryptophyceae also reveal alternating light and dark 

units in each of the concentric layers of ribbon (Fig. 197). An 

enlarged portion of t. s. shows that the units can appear to be aligned 

radially for short distances (Fig. 198). The pattern in the arrangement 

of sub-units in the layers of ribbon is most evident in sections judged 

to be exactly transverse, or nearly so, to the coil. 

The light and dark pattern observed in the two perpendicular 

planes of cross-section of the ribbon Present a Picture of particulate 

sub-units a=anged in the form of a two dimensional a=ay in the plane of 
0 

the ribbon (Fig. 195). Calculations from micrographs and diffractograms 

give readings of 6.5 to 6.9 m. for the thickness of the layers of ribbong 
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and 3.8 to 4-0 =- for the interval between the sub-units in the 

longitudinal and transverse directions in the ribbon. 

In median l. s. the undischarged prasinophyte trichocyst (Fig. 

200) is noticeably smaller in diameter when compared to the cryptophyte 

trichocyst at similar magnification (Fig. 195). In some longitudinal 

sections the prasinophyte trichocyst can be found in early stages of 

discharge pushing the coil out from the centre (Fig. 199). Comparable 

longitudinal sections of prasinophyte and cryptophyte trichocysts 

(Fig. 201 and 202) reveal a superficial similarity, both showing that 

the coiled ribbon width decreases in successive outer turns of the coil. 

The internal substructures of the two types of ribbon are, however, 

distinctly different. While enlarged portions of l. s. prasinophyte 

trichocysts (Fig. 203 and 204) show a substructure of contrasting light 

and dark particulate sub-units arranged in an ordered manner, the 

similarity to the cryptophyte trichocyst substructure ends there. The 

prasinophyte trichocyst has sub-unitsq yet of indeterminable shape, 

smaller in size and spacing, and lacking the alignment of sub-units 

that is so conspicuously evident in the cryptophyte trichocyst. in 

attempting to interpret the arrangement of the sub-units along the 

individual lamellae it is difficult to decide in this case if one or more 

types of light, and dark sub-units are present. This doubleness seen as 

light and dark layers within the individual lamellae contributes to 

the complexity and different scale of the substructure as revealed by 

the ruthenium red treatment. A gTeater difficulty in the interpretation 

of the prasinophyte trichocyst substructure might be anticipated if the 

spiral curvature of the ribbon, retained in its extended tubular formq 
-Tt'a SiS 

is the reflection of a spiral arrangement in the substructure, j not easy 

to assess in sections of the coiled ribbon. 

The t. s. of the undischarged prasinophyte trichocyst reveals a 

substructure showing the same essential features found in the l. s. 

(Fig. 205). In places, when seen at higher magnification (Fig. 2o6). the 
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layers of the coiled ribbon frequently appear double, with evidence of 

particulate sub-units but smaller in size and less regularly arranged than 

in the cryptophyte trichocyst and lacking any appearance of radia. 1 

alignment. 

Measurements taken where the prasinophyte trichocyst substructure 

can be discerned clearly on micrographs give readings of 4.9 to 5.5 M- 

for the thickness of the layers of ribbong and 2.8 to 3.3 nm. for the 

interval between the sub-units. Measurements were more difficult to 

calculate from diffractograms of these micrographs because the apparent 

double nature of lamellae and sub-units gives a diffraction pattern 

(Fig. 211) that cannot easily be interpreted. 

Examination of glancing longitudinal sections of cryptophyte and 

prasinophyte discharged trichocyst tubes reveals them both to have a 

variation in tube wall thickness from one to several layers. A clear 

difference in their substructures is also evident. The cryptophyte tube 

(Fig. 208 and 210) shows a distinct arrangement of light and dark sub- 

units running both the length and breadth of the tube. Measurements 

give intervals at 3.8 to 4.0 nm,, the same as the period found in the 

undischarged trichocyst. The discharged prasinophyte tube (Fig. 207 and 

209) also exhibits a periodicity, but the subst ructure is finer and the 

sub-units smaller than those in the comparable cryptophyte sections. 

0 Measurements of the sub-unit spacing in the prasinophyte tube show an 

interval of 2.8 to 3.3 M., similar to that found in the undischarged 

form. 

Optical diffractogramsq produced from micrograph transparencies 

of l. s. undischarged cryptophyte and Prasinophyte trichocysts, axe 

obviously different. The regular ordered substructure seen in the 

cryptophyte trichocyst gives a distinct diffraction pattern (Fig. 212), 

whereas the more complex substructure of the prasinophyte trichocyst 

a gives a less easily recognisable diffraction pattern (Fig. 211,213 - 218). 
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DISCUSSION 

The visualisation of the trichocyst substructure by the 

inclusion of ruthenium red in the glutaraldehyde fixation is a step in 

the direction of a more fLmdamental comparison of the nature of the two 

types of trichocyst at the macro-molecular level. The effect of the 

ruthenium fixation is to leave almost un tained some of the sites in the 

ribbon that are normally osmiophilic but a lack of knowledge of the 

chemical constitution of both trichocyst types, except for the presence 

of protein in the cryptophyte trichocyst (Mignot and Hovasse, 1973), 

makes an analysis of the chemical interaction of this strongly charged 

poly-cation with the material of the trichocysts uncertain. Observations 

on the effect of ruthenium red in fixation have been discussed in Part 

III. 

While Nanton (1968) suggested that a completely independent origin 

for this peculiar type of trichocyst in the Cryptophyceae and 

Prasinophyceae seems improbable, she also cautioned the use of the 

resemblance in phyletic speculation. Taylor (1976), however, in his 

comprehensive scheme of flagellate phylogenyq placed great emphasis on 

the similarity of these trichocysts as evidence of a relatively close 

relationship between these two algal groupsq proposing that the 

Cryptophyta arose as a branch from the Prasinophyta. In a later study 

(1978) he suggested that both groups might have arisen separately from a 

co=on ancestor, though still stressing the significance of the trichocysts 

as evidence of affinity. 

It has been observed in this study that although the cryptophyte 

and prasinophyte trichocysts do have a great similarity in appearancev 

before and after discharge from the cell, the changes in conformation 

that the ribbons undergo are not the same. Stages of incomplete 

extension of the trichocyst ribbon of P. ATossii have been described by 
0 
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Manton (1968), who showed with great clarity that the process of 

discharge involves merely the drawing out Of the coils of ribbon from the 

centrep to remain still spirally twisted with the overlapping edges of 

each turn clearly visible in the ejected tube. The absence of these 

spiral over-laps in the cryptophyte trichocyst tube (Santore, 1975) is 

vital evidence that it is formed in a different manner. No spiral pattern 

is visible on the cryptophyte tube because its formation involves instead 

the lateral in-rolling of the ribbon. The process of trichocyst discharge 

in the cryptophytes is extremely rapid and no intermediate stages have 

been shown unequivocally in electron micrographs. Unlike the prasinophyte 

type, a complete ýwitch in curvature from the longitudinal to the 

transverse direction must take place. The presence of the anterior minor 

coil and an assortment of accessory tubules ('see Part I ') are 

additional reasons to place doubt on the assumption (Eovasse, 1967) that 

discharge of the trichocyst can occur by having the major coil push out 

from the centre in a telescopic fashion, essentially similar to that now 

known to occur in the prasinophyte trichocyst. 

Hovasse (1965) suggested that discharge of the cryptophyte 

trichocyst might be by a mechanism similar to that found in the ciliates 

where the extension corresponds to the unfolding and stretching apart of 

the proteinaceous units in a pre-formed three-dimensional lattice. In 

the cryptophyte and prasinophyte discharged tubes the periodicity appears 

to have remained the same as in the corresponding undischarged trichocysts. 

This shows in both that the macro-molecular components of Organisation 

do not undergo the large rearrangements that occur in ciliate trichocysts. 

Evaluating the evidence presented it is not surprising that both 

types of trichocyst ribbon should have a highly regular organisation. 

Ilowever, the important differences of size, shape and arrangement revealed 

in the underlying substructures indicate that the resemblance of the 

prasinophyte and cryptophyte trichocysts may be far from one of near 
0 
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identity. Indeed, the original speculation of separate evolution for 

these two similar-appearing structures seems most likely. 

A more detailed and comprehensive report about the cryptophyte 

trichocyst substructure, including diffraction and image reconstruction, 

is c= ently being prepared. 

0 
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LEGENDS 

N. B. All illustrations dealing with trichocyst substructure 

(Parts II & IV) are of material fixed with the ruthenium red method, 

unless designated otherwise. 

Fig. 1 

Tiny developing trichocysts positioned in close proximity to 

the Golgi body. x 6otooo 

Fig. 2 

Developing trichocysts inside and budding off from the Golgi 

cisternae (arrows). Near the Golgi are various sizes of 

developing trichocysts. x 800000 

Fig. 

The developing trichocysts in Fig. 2 examined at higher magnifi- 

cation. Cne tiny trichocyst in very early stages of development 

has only foux turns of coiled ribbon and another has only eight 

turns. Nearby a trichocyst is developing in a Golgi cisterna 

(arrow). x 909000 

Fig. 

A section showing tiny immature trichocysts situated behind a 

mature gullet trichocysts, seemingly Positioned as if to replace 

the mature trichocysts upon their discharge from the cell. 

x 759000 

Fig. 5,6P 7&8 

Developing trichocysts appear almost encircled by pockets of 

rough ER. Ribosomes are situated on the inner face of the ER 

next to the trichocyst vesicle. x 120,000 
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Fig. 

A section showing peripheral trichocysts s urr ounded by lipidv 

demonstrating the rigidfty of the trichocyst vesicle. 

x 159000 

Fig. 10y 11 & 12 

Sections-through peripheral trichocysts showing the balloon- 

like appendages supported over the trichocyst vesicles to be 

composed of extensions of, the plasma membrane. x 16o, ooo 

Fig- 13 & 14 

Longitudinal sections of peripheral trichocysts reveal an open 

pore anterior to the trichocyst vesicle. This pore is seemingly 

formed by the fusion of the plasma membrane and the membrane 

of the trichocyst vesicle (arrows). In both trichocysts, the 

a 
position of the minor coil anterior to the major cell would 

appear to indicate that the minor coil will be expelled from 

the cell first. x 60,000 

Fig. 15 

A longitudinal section of peripheral trichocysts showing the 

descending portion of the helix with a basal attachment (arrow) 

to the vesicle membrane. x 16o, ooo 

rig. 16 

A section of a gullet trichocyst displaying a balloon-like 

appendage similar to that of the peripheral trichocysts in 

Fig. 10 to 12. x 37,500 

Fig. 17 

Empty trichocyst vesicle showing a remnant of the helix still 

attached to the vesicle membrane (arrow) similar to Fig. 15 

100,000 
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Fig. 18 

A longitudinal section of a trichocyst showing the helix in t. s. 

on either side of the minor coil. A single membrane (arrow), 

resulting from the fusion of the plasma membrane and the trichocyst 

vesicle membraneq covers the trichocyst pore. x 200,000 

Fig. 19 

An enlaxgement of the trichocyst pore area in Fig. 18 showing 

the single membrane stretched across the trichocyst pore. 

Beneath the membrane is a transverse section of the second gyre 

of the helixg appearing tubular and displaying core of material in 

its lumen. x 280pOOO 

Fig. 20 

An enlargement of a portion of Fig. 18 showing the t. s. of the 

first gyre of the helix to appear bar-shaped with rounded ends 

of floccular material. The substructL=e Of this portion of the 

helix has a rather honeycomb appearance. x 280,000 

Fig. 21 

A section showing an open trichocyst pore (arrow). Branching 

off from the connecting piece between the major and minor coils are 

many tubules. x 120,000 

Fig. 22. 

A glancing section through the external surface of the cell 

revealing periplast plates (PPq arrows) and the trichocysts 

positioned between them. x 709000 and x 1059000 

Fig. 22A 

A deeper glancing section than Pig. 22, showing the anterior 

helix (H, arrows) to coil twice over the minor trichocyst 

component, and in some trichocyst sections x 70,000 descend 

through the centre of the major coil. 
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Fig. 23 to 28 

Sections of trichocysts showing various aspects of the densely" 

staining upper gyre of the helix (H) and the attachment to it 

of a lightly-staining floccular material. The densely-staining 

band-shaped structure of the first gyre contrasts with the tubular 

shape of the second gyre. x 759000 

Fig. 29 

An oblique section of a trichocyst showing the second gyre 

of the helix appearing to join with the connecting band which 

links the major and minor trichocyst components. x 120,000 

Fig. 30 

A trichocyst section showing portions of both first and second 

gyres of the helix coiled over the maJor component. 120,000 

Fig. 31 

A section showing the sectioned gyre of the helix cut longi- 

tudinally to reveal its tubular structure containing a darkly- 

staining material in the centre of the lumen. x 120,000 

Pig. 32 

A section cut longitudinally in a Plane perpendicular to the 

floccular material attached to its lateral edges (see 

Diagram I)v giving the impression of a clensely-staining 

6 band (arrow) within a wider lightly-staining band. x 1209000 

Fig. 33 & 34 

Serial seotions of rows of gullet triohooysts. Arrows inclicate 

the position of the helix in each trichocyst. x 75,000 

Fig. 35 & 36 

Serial sections Of rows Of gullet trichocysts. Arrows 

indicate the position of the helix in each trichocyst. This 

material was fixed by the standard glutaraldehyde/osmic acid 

0 methodg the trichocysts appear very densely osmiophilic. x 759000 
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Fig. 37 & 38 

Serial sections of gullet trichocysts. The first and second 

gyres of the helix can be seen in both longitudinal and 

transverse aspects (arrows). x 100,000 

Pig. 39 to 46 

Sections showing variouS"aspects of the helix. Depending 

upon the plane of section the dense band of the first gyre is 

seen as a denselyý-staining material in the shape of a single 

bar, or as two bars, with lightly-staining floccular material 

attached to the lateral edges. Fig. 39 to 42 show the tubular 

second gyre of the helix to lie below the upper densely-staining 

first gyre. In Pig. 44 & 45 arrOWS Point to a darkly staining 

material in the lumen of the tubular second gyre. x 1001000 

Fig. 47 to 52 

Sections of several trichocysts showing in different planes 

of section the helix coiling twice over the minor component and 

then descend through the central cavity of the major component. 

x 75,000 

Fig. 52A 

A transverse section of a trichocyst showing two structures in 

the central cavity of the major component, the helix (H) and a 

large amorphous mass of 'material referred to in previous reports 

(Santore, 1975) as the 'central spindle' (CS). x 1000000 

Fig. 52B 

A longitudinal section of a trichocyst corresponding to Fig. 52A 

showing the 'central spindle' (CS) to be an amorphous ball of 

material and the posterior end of the helix (H) to pass through 

the narrow central channel of the major trichocyst component. 

x 100,000 
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Fig. 53 & 54 

Longitudinal trichocyst sections (approximately 0.5 ýtm thick) 

examined with the A-E. I D17 (Minerva)at 1000 KV. The helix 

is clearly seen encircling the minor trichocyst component 

passing through the central cavity of the major trichocyst 

component. x 120,000 

Fig. 55 

A longitudinal trichocyst section (approximately 0.5 ýLm thick) 

examined with the A. E. I. EM7 1000 KVFJI. The three strands 

(arrows) branching off from the outside edge of the major 

trichocyst coil would appear to be part of the connecting piece 

joining the two trichocyst components. x 150,000 

Fig. 56 

A longitudinal trichocyst section (approximately 0.5 Pm thick) 

shows the connecting band which comes off the outer edge of the 

major component to be much thicker than a single layer of ribbon. 

. Examined with the A. Z. I. EII-17 1000 KVEIR (11--linerva). x 75,000 

Fig. 56A 

An oblique section (approximately 0.5 gm thick) showing the 

first and second gyres of the helix (open arrows) positioned 

over the major component. '. Pxamined with the A. E. I. E:, ', '7. x 75YO00 

Fig. 57 to 62 

Sections of trichocysts showing various aspects of the 

connecting band and its associated tubules (small arrows) and 

the point of junction of the helix to the connecting band (open 

arrows). Fig. 62 shows the connecting band to appear very 

thick (arrow) as if composed of several layers of material. 

Arrow points to transverse sections of tubules which have branched 

off from the connecting band. x 75,000 



- . 0., 6f- 

t 

t 
4 I 

I 

4 

-t.. 



0 

0 

p- 

4 4. 

., I?, ý', 

NU . 711 
OF 

. 4y -ý-y 

4 

all' 

I 

0 



4 

r- -: ,- A440ý. .. ' -, 

11, 
Iz 

i". I 

l4w 



277 

Fig. 63 & 65 

Sections of trichocysts showing transverse (Fig. 63, arrow) 

and longitudinal (Fig. 65, arrow) aspects of the tubules which 

branch off from the connecting band pass over the anterior rim 

of the major trichocyst coil and descend into its central cavity. 

x 75,000 

Fig. 64 & 66 

Sections showing the upper gyre of the helix appearing as two 

densely"staining bars with floccular material attached to the ends. 

x 75POOO 

rig. 67 to 72 

Sections of many different brichocysts showing tubules (arrows) 

branching off from the connecting band. In Fig. 71 and 72 transverse 

sections of the tubules show at least 8 tubules near their point 

of origin on the connecting band. x 100tooo 

Fig. 74 to 76 

Sections showing tubules (arrows) branching off from the 

connecting band. x 150POOO 

Fig. 77 to 80 

Longitudinal sections of the minor trichocyst Component showing 

numerous small tubules connected to the inner edge of each turn of 

the coil of ribbon. x 100,000 

Fig. 81 & 82 

Sections showing the connecting band tubules (arrows) in the 

central cavity of the major trichocyst component. x 75,000 

Fig. 83 

A longitudinal section of the minor trichocyst compoent. Arrow 

indicates tubules attached by fine fibres to inner edge of each 

turn of the coiled ribbon. x 150,000 
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Fig. 84 to 86 

Longitudinal (Fig- 84) and transverse (Fig. 85 & 86) sections 

of the connecting band associated tubules (a=ows) positioned 

between the major and minor components. 150,000 

Fig. 87 & 88 

The connecting band (open arrow) displays a thickness about 

double that of the trichocyst ribbon. Fig- 87 x 150tOOO 

Fig. 88 x 2400000 

Fig. 89 to 92 

Longitudinal sections of several trichocysts'showing in the 

cavity of the Minor component the attachment by fine fibres of 

small tubules to the inner edge of the ribbon. x 100vooo 

Fig. 93 & 94 

An amorphous core of material (open arrow) in the central 

cavity of the major component, previously referred to as the 

'central spindle' (Santoreq 9175) appears to be connected to 

small tubules which extend from the interior of the minor 

component. x 1009000 

Fig. 95 

A whole mount preparation of a Chilomonas paramecium cell 

surrounded by numerous discharged trichocysts. 
,x6,000 

Fig. 95A 

A whole mount preparation of metal shadowed discharged 

trichocysts. The connecting join between the major and minor 

components appears only as a dark-staining region. x 859000 
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Fig. 96 to 103 

Whole mount preparations of discharged trichocysts of a number 

of different cryptophyte species. The preparations are negatively 

stained with 2? /6 uranyl acetate. The main shaft of the now tube- 

shaped dischaxged trichocyst is formed from lateral in-rolling 

of the major coil of ribbon, while the small beak-like structure 

carried at a distinctive angle to the main shaft is formed in a 

similax manner from the minor coil of ribbon. Frequently a third 

'appendage' is found projecting upwards from the connecting join 

between the two components. This appendage is the re=amts of' 

the helix, which has been shown to be joined at one end to the 

centre of the connecting band between the major and minor 

components. When the trichocyst discharges from the cell the helix 

is to= away leaving only-the remains of a small stump. This 

stump is often obscured by a rounded mass of floccular material 

which typically accumulates around the connecting join, giving 

previous researchers (Schusterg 1968) cause to refer to this area 

as the 'nodule?. Dischar'ged trichocysts are from the following 

species : 

96 - Hemiselmis rufescens 

97 - Hemiselmis rulescens 

98 - Cryptomonas 58 

99 - Cry-ptomonas 42 

100 - Hemiselmis brunescens 

101 - Hemiselmis virescens 

102 - Plagioselmis punctata 

103 - Plagioselmis punctata 
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-Fig. 96A to 103A 

These tr=ings of the discharged trichocysts in Fig. 96 to 99 

show the attachment of the remnants of the helix to the 

connecting join between the major and minor components. 

x 809000 

Fig. 104 to 106 

Whole mount preparations of discharged trichocysts of Cyathamonas 

truncata showing the remaining stump of the helix projecting 

upwards from the connecting join between the two components. The 

trichocysts are stained with 2% uranyl acetate. x 85,000 

Fig. 106ý 

sEK of a critical point dried discharged trichocyst of Cyathamonas 

truncata. The stump of the helix gives the trichocyst a tri- 

partite appearance. x 120,000 

Fig. 1o4A to 106A 

Tracings of the discharged trichocyst in Fig. 104 to 106 showing. 

the remains of the helix attached to the connecting join. 

x 1209000 

Fig. 107 & 107A 

A whole mount preparation'of a discharged trichocyst of 

Chilomonas parameclumo with accompanying tracingv showing the 

stump-like remains of the helix attached to the connecting join. 

x 85POOO 

Fig. 108 to 113 

Whole mount preparationslof discharged trichocysts treated with 

Triton X-1000. This chemical. was used in an attempt to examine 

the trichocyst substructure but the regular periodicity of the 

substructure appears distorted and irregular. In Fig. 110 & 112 

the. distinct longitudinal lines are actual . 1Y the peripheral 
boundaires of twoo and in some cases moreq separate trichocysts 

which have become stuck together. Fig. 1089109 & 112 x 6o, ooo 

Fig. 110 x 85,000 Fig. 111 & 113 x 140POOO 
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Fig. 114 
A whole mount preparation of a discharged trichocyst displaying 

contamination, a frequent occ = ence on discharged trichocysts 

treated with Triton X-100. x 140,000 

Fig. 115 & 116 

Sections of trichocysts from material'prepared in the standard 

glutaraldehyde/osmic acid fixation method. Trichocysts in cells 

prepared in this method are frequently found fractured and 

disrupted by the fixation. Transversely sectioned trichocysts show 

the ribbon fractured into sections of equal lengths. The 

connecting band has not fractured, possibly because it is composed 

of several layers of material. x 50,000 and 75,000 

Fig. 117 

A section of a Cryptomonas 42 cell from material prepared in 

the standard glutaraldehyde/osmic acid fixation method. The 

large trichocysts lining the gullet appear densely-osmiophilic. 

x 129500 

Fig. 118 

A longitudinal section of a row of gullet trichocysts from 

Cryptomonas 58 material prepared in a fixation method 

incorporating ruthenium red (Materials and Methods). The 

trichocysts are stained less densely, in comparison to other 

cell components, than those in Pig. 117. x 509000 

Fig. 11 

A longitudinal section of a CrYPtomonas 58 peripheral 

trichocyst from material prepared in a fixation method (as 

above) incorporating ruthenium red. A distinct periodic sub- 

struct=e is visible. x 140,000 
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Fig. 120 

A longitudinal section of a Cryptomonas 58 gullet trichocyst 

from material prepared in the ruthenium red fixation method. 

The distinct periodic substructure of the ribbon is comprised 

of laternating light and dark sub-units arranged in rows exactly 

parallell or nearly so, to the axis of the cylinder. X 150,000 

Fig. 121 to 124 

A longitudinal section of a trichocystq cut at an unfavouxable 

angle with respect to the periodic substructure, was tilted 

through a series of angles from 00 to 24 0 to bring the peridicity 

into view. X 1009000 

Fig. 125 t-o127 

A series of longitudinal sections of trichocysts showing at high 

magnification the alignment of the light and' dark sub-units 

in horizontal rowsq perpendicular to the axis of the cylinder. 

Fig. 125 Optical diffraction patterns were obtained at series 

of locations, designated points 1 to 6, from the inntermost portion 

of the coil where the ribbon width is sharply decreasing to the 

outer part of the cylinder. 

Pig. 128 & 129 

Transverse sections of CrYptomonas 58 gullet trichocysts showing 

in areas of the sections a radial aligrment (arrows) of the 

alternating light and dark sub-units. Fig. 128 x 1809000 

Rig. 129 x 150POOO 
Fig. 130 

A section of the t. s. trichocyst in Fig. 129 examined at high 

magnification to show the radial alignment of the light and dark 

sub-units of the periodic substructure. ýIz x 680POOO 
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Fig. 131 

The Maxkham technique (Markham, 1963) of image intensification 

by radial step-printing (Materials and Methods) was applied to 

the t. s. trichocyst in Fig. 131 revealing that the spacing 

between the rows of radially aligned sub-units (arrows) is 

standard over wide areas of the section. x 68o, ooo 

Fig. 132 

An enlaxgement of a portion of the l. s. trichocyst in Fig. 120. 

The Markham technique (Markham, 1963) Offmr wjexý-fevsification by 

linear step printing was applied to show that the spacing of the 

longitudinal rows of sub-units is standard over wide areas of 

the profile. This illustration is an example of a three-step 

procedure. Arrows indicate the alignment of sub-units in two 

other directions apart from longitudinal rows. In several places 

across the l. s. profile distinct meeting points can be noted 

where rows of sub-units inclined in one direction meet rows 

inclined in an opposite and diverging direction (arrows). 

x 280,000 

Fig. 133 & 134 

A highly enlarged longitudinal section of a trichocyst before 

and after application of the technique Of linear step-printing 

for image enhancement (Markhamp 1963). 2ig- 134 represents a 

three-step process. The periodicity is dramatically clarifiedp 

confirming that the spacing between the sub-units is uniform 

and individual sub-units are seemingly wedge-shaped. x 8409000 
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Fig. 135 

- The three-dimensional aspect of the trichocyst substructure 

in this illustration was produced by mounting together positive 

and negative transparencies of an l. s. trichocyst. This 

procedure effectively accentuated the shapes and varying 

directions of inclination of the sub-units. x 280,000 

Fig. 136 & 137 

These figL=es and explam tions are included in the text. 

Fig. 138 to 143 

SERIES I 

This is a series of six diffractograms obtained at six 

designated points which are plotted in a horizontal row across 

the diameter of the l. s. trichocyst in Fig. 195. Diagr-am IV, 

accompanying Series I, shows the size of the unit cell is larger 

in diffraction patterns obtained at points near to the centre 

of the coilp thus providing evidence that the distances between 

the sub-units are shorter in the centre of the coil where the 

ribbon width is sharply decreasing. x 240,000 

Fig. 144 to 148 

SERIES II 

This is a series of six diffractograms obtained at six 

designated points which are plotted in a horizontal line across 

the diameter of the l. s. trichocyst in Fig. 125. Diagram v, 

accompanying Series II, shows the angles of the unit cell to be 

smaller for the diffraction patterns obtained at points near to 

the centre of the coil. x 240,000 

Fig. 150 & 150A 

Diffraction patterns obtained at two different areas on a t. s. 

trichocyst micrograph transparency. The inner spots of diffracted 

light represent the coils of ribbon and the small, faint outer 
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Fig. 140(a) Fig. 141(a) 

Fig. 142(a) Fig. 143(a) 

SERIES I 

DIAGRAM IV: Diffraction patterns of pigs. 138 to 143 

showing the unit cell. 
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SERIES II 

DIAGRAM V: Diffraction patterns of Pigs. 144 to 149 
showing the unit cell. 
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spots arranged in short cresentic rows represent the light 

diffracted by the periodic substructure. x 16o, ooo 

Fig. 151 to 154 

Diffraction patterns obtained from micrograph transparencies 

of several different transversely section trichocysts. Cresentic 

patterns of diffracted light represents the coils of ribbon, but 

the diffraction pattern of the periodic substructure is more 

difficult to distinguish. x 16olooo 

Fig. 155 

A longitudinal section of a discharged gullet trichocyst from 

material prepared in the ruthenium red fixation method. Upon 

discharge from the cell, the trichocyst ribbon rolls laterally 

to form a tube. However, in examples such as this extensive 

over-rolling can occur causing the tube wall to be several layers 

thick. Fig. 158 shows comparable transverse sections of the 

tube. x 210,000 

Fig. 156 & 157 
Longitudinal and transverse sections of discharged peripheral 

trichocysts showing the presence, although not as distinct as 

in the larger discharged gullet trichocysts, of the underlying 

periodic substructure. x 210,000 

Fig. 158 

Transverse sections through three different points along the 

tapering shaft of a discharged gullet trichocyst. The amount of 

lateral over-rolling of the ribbong causing the tube wall to 

vary from several layers thick to a slight over-lap (arrows), 

depends upon the width of the ribbon. Thus the posterior end 

of the discharged trichocyst shafto formed from the central 

region of the major coil where the ribbon width sharply decreases, 

has a small diameter and minimal over-lap (arrows). The periodicitY 

of the substructure is distinctly visible. x 210,000 
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Fig. 159 to 161 

Glancing longitudinal sections of discharged gullet trichocysts 

showing the light and dark sub-units aligned in parallel rows 

running both lengthwise and widthwise across the trichocyst 

tube. The tube wall varies in thickness of layers depending 

upon the amount of lateral over-rolling that occurs during tube 

formtion. x 2109000 

Fig. 162 

A whole mount preparation of a discharged gullet trichocyst 

stained with 2% uranyl acetate. The periodic substructure is 

clearly visible, and is also distinct enough to produce a 

diffraction pattern (Fig. 167 & 16s). x 2109000 

Fig. 1639 164 & 165 

Diffraction patterns obtained from micrograph transparencies of 

the longitudinally sectioned discharged trichocysts in Fig. 156. 

Different places selected on the trichOcYst tubes produced 

different diffraction patterns. x 120,000 

Fig. 166 

A diffraction pattern of a transverse section of a discharged 

trichocyst tube showing a faint ring of diffracted light 

representing the periOdic substructuxe in the trichocyst tube. 

120,000 

Fig. 167 & 168 

Diffraction patterns obtained from the micrograph transparency of 

the whole mount trichocyst in Fig. 162. The two faint spots of 

diffracted lightf on opposite sides of the zero order spot, 

represent the substructure periodicity. Calculations of measure- 

ments from this diffractogram show the periodic-distances to be 

3.8 r=. 
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Fig. 169 

The image of an l. s. trichocyst micrograph projected by a laser 

diffractometer. x 6o, ooo 

Fig. 170 

The image of the l. s. trichocyst in Fig. 169, reconstructed by 

placing a mask of the diffraction pattern of the substructure in 

the path of the laser. This mask filters out all diffracted 

light except that diffracted by the substructure. The zero 

order spot was not covered. x 6o, ooo 

Fig. 171 

A reconstruction of the l. s. trichocyst image in Fig. 169 

using the mask as in Fig. 170 to filter out all other diffracted 

light except that of the substructure. The zero order was covered 

to produce a more distinct image than in Fig. 170. 

Fig. 172 

A reconstruction of the l. s. trichocyst image similar to Fig. 

171, except that the zero order was covered with a fine wire mesh. 

x 60,000 

Fig. 172A 

An enlargement of Fig. 172 to show rows of sub-units aligned 

in one direction meeting rows aligned in an opposite and diverging 

direction. x 720,000 

Fig. 173 

A longitudinal section of a trichocyst from material fixed in 

glutaraldehyde alone. The periodicity of the substructure is 

faint but visible. X 100,000 

Fig. 174 

A l. s. trichocyst from material prepared in a fixation method 

incorporating Ponceau S (Materials and Methods) in the glutaralde- 

hyde, and without an osmic acid Post-fixation. The periodicity 

of the substructure is visible and more distinct than in Fig, 173- 

X 100,000 
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Fig. 175 

A 1.8. trichocyst from material prepared in a fixation method 

incorporating ruthenium red in the glutaraldehyde, and without 

an osmic acid post-fixation. The periodic substructure is 

visible and more distinct than in Fig. 173. x 1009000 

Fig. 176 to 181 

A compilation of longitudinally section trichocysts prepared in 

a variety of fixation methods : 

Pig. 176 - glutaraldehyde with added ruthenium redl no osmic 

acid post-fixation. x 1009000 

Fig. 177 - glutaraldehyde with added ruthenium red, with osmic 

acid post-fixation. x 280,000 

Fig. 178 - glutaraldehyde with added Alcian blue, no osmic acid 

post-fixation. The staining effect on the substructure 

is similar to that of ruthenium red in Fig. 176. 

100,000 

Fig. 179 - glutaraldehyde with added Alcian blue, with osmic acid 

post-fixation. The staining effect of Alcian blue has 

produced similar results to ruthenium red in Fig. 177. 

Fig. 180 -a standard glutaraldehyde/osmic acid fixation method. 

The trichocyst appears very densely-osmiophilic in 

compaxison to Fig. 177 and 179 in which the osmic acid 

post-fixation was employed after the stains. x 100,000 

Fig. 181'- A standard fixation method as in Fig. 180 but lacking 

post-staining with lead citrate and uranyl acetate. 

x 1009000 
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Fig. 182 

A whole mount preparation of a Pyramimonas parkeae cell showing 

the four scale-covered flagella and a discharging trichocyst. 

x 19500 
Fig. 182A & 183 

Whole mount preparations of discharged Pyramimonas parkeae 

trichocysts showing the spiral striations along the length of 

the trichocyst tube. x 20,000 

Fig. 184 & 185 

Whole mounts of discharged Pyramimonas trichocysts showing the 

spirally over-lapped edges of ribbon along the length of 

the tube, and the central lumen stained darkly. x 1209000 

Fig. 186 

A section of a Pyramimonas parkeae cell showing the external 

surface of the cell covered with scales. The trichocysts are 

randomly distributed around the periphery of the cell. x 30POOO 

Fig. 187 

A longitudinal section of an unclischarged Pyramimonas parkeae 

trichocyst showing the trichocyst to lie at an oblique angle to 

the surface of the cell. A periodic substructure can be seen in 

the fabric of the trichocyst ribbon. Transverse sections of an 

assortment of tubules can be seen in the central cavity of the 

trichocyst and also in the trichocyst sac surrounding the 

trichocyst. x 1809000 

Fig. 188 & 189 

Longitudinal sections of Pyramimonas trichocysts showing the 

trichocysts to lie at an oblique angle to the cell surface. In 

the central cavity of the trichocyst cylinders are an assortment 

of tubules in longitudinal and transverse sections (arrows). x 120tOOO 
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Fig. 190 
A l. s. pyramimonas trichocyst. Directly below the trichoeyst is 

a membrane bound vesicle filled with tubules similar to those 

observed in the trichocyst cavity in Fig. lag. X 90,000 

Fig. 191 

Part of a Cryptomonas 58 cell in l. s. showing the large gullet 

trichocysts and the small peripheral trichocysts (arrow). In this 

standard fixation the trichocysts appear very densely osmiophilic 

compared with other cell components. x 20,000 

Fig. 192 

Large gullet trichocysts of CrvPtomonas 58 showing comparatively 

less density of staining than those in Fig. 1. x 70,000 

Fig. 193 

Part of the apex and flagella pit of a Pyramimonas parkeae cell 

in l. s. Ruthenium red fixation gives the trichocysts (arrows) 

a lightly stained appearancep unlike their densely black state 

after fixation by standard methods. x 20,000 

Fig. 194 

Peripheral trichocyst of Cryptomonas 58 in i. s. displaying 

periodicity visible with the ruthenium red fixation method. 

280,000 

Fig. 195 

Large gullet trichoeyst showing the regular spacing of distinct 

light and dark sub-units in longitudinal rows in each lamella 

of the major coil. A marked alignment of sub-units in adjacent 

lamellae in certain directions over considerable areas of profile 

is also evident. The anterior minor coil can be seen in oblique 

I. s., accompanied by portions of accessory structures. x 1409000 
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Fig. 196 

An enlarged section of Fig. 195. The wedge shape of the pale 

individual sub-units can be detected, and their arrangement with 

bases in the inner face of the coiled ribbon. x 4209000 

Fig. 197 

Cr, yptomonas 58 trichocyst in t. s. showing the regylar arrangement 

of light and dark sub-units in the coiled ribbon, and the standard 

tripartite structure of the limiting membrane of the trichocyst 

(arrows). x 140,000 

Fig. 198 

Enlarged view of Fig. 7 showing the radially elongated shape of 

the sub-units and their tendency to be aligned in several adjacent 

layers for short distances across the coil. x 280,000 

Fig. 199 

An l. s. Py=amimonas trichocyst in an early stage of discharge 

showing the inner coils of the cylinder being expelled first 

(a=ow). x 200,000 

Fig. 200 

A trichocyst of PyTamimonas parkeae in 1-S. showing in comparison 

to the section of. Cryptomonas 58 at similar magnification (Fig- 195) 

the single coil of the ribbon and its structure of alternating 

light and dark layers which have a particulate substructure but 

smaller periodicity and different arrangement. x 140,000. 

Fig. 210 & 202 

Pyramimonas and Crmtomonas trichocysts; similar regions in l. s. 

exposing details of the structure of the ribbons in edges where 

successive outer turns of decreasing width are over-lapped. The 

doubleness (arrows) of the pale sublayers in the prasinophyte 

ribbon and its smallq diversely Particulate sub-units may be 

compared with the prominent rows of large wedge shaped sub-units 

occupying the thicker ribbon of the cryptophyte trichocyst. x 4209000 
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Fig. 203 & 204 

PyTamimonas parkeae. Enlarged portions of l. s. trichocysts 

showing a regular particulate substructure in the pale layers 

of the trichocyst coil. Note rows of small light particles 

(arrows). x 420,000 

Fig. 205 

pyramimonas -parkeae trichocyst t. s. showing the layered structure 

of the coiled ribbon. The wedge shaped clefts are an artefact 

of fracture during preparation. x 1409000 

Fig. 2o6 

Enlarged view of Pyramimonas -Parkeae trichocyst t. s. showing 

doubleness of the paler sub-layers and evidence of sub-units 

(arrows). Note the lack of a tendency of particles in adjacent 

layers to fall into register in the radial direction when 

compared with the similar cryptophyte section (Fig. 198). 

x 4209000 

Fig. 207 & 209 

Longitudinal sections of Pyramimonas -Parkeae discharged 

trichocyst tubes. A faint but distinct periodicity can be seen 

in the layers of the tube. Fig. 109 shows in places the over- 

lapping of several layers of ribbon related to the spiral 

construction of this type of tube. x 210,000 

Fig. 108 & 210 

Longitudinal sections of Cryptomonas 58 discharged trichocyst 

tubes. A comparatively coarse substructure of large particles 

regularly aligned in two directions across and along the tube 

is visible. The several layers in thickness of the tube wall 

are the result of an over-rolling of the edges of the ribbon 

when the tube is formed. x 2109000 
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Fig. 211 

Optical diffraction pattern resulting from the diffraction of 

a small part of the micrograph negative of the l. s. Pyramimonas 

trichocyst of Fig. 197. 

Fig. 212 

Optical diffrac tion pattern resulting from the diffraction of 

a small part of the micrograph negative of the l. s. Ciyptomonas 

trichocyst of Fig. 195. i 240,000 

Fig. 213 to 215 

Diffraction patterns obtained from micrograph transparencies of 

l. s. undischarged Pyramimonas trichooysts. The two main spots 

positioned equidistantly from the zero order represent the 

diffracted coils of ribbon, the assortment of other spots represent 

the diffracted periodic substructure. A distinct pattern was not 

obtained. Fig. 213 x 160tOOO 

Fig. 214 & 215 x 2409000 

Fig. 216 to 218 

Diffraction patterns obtained from three different point on a 

micrograph transparency of t. s. PYramimonas undischarged 

trichocyst. The faint cresentic arrays of spots represent 

light diffracted by the coils of ribbon. No distinguishable 

spots of diffracted light are evident to represent the sub- 

structure periodicity. x 240,000 
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CHAPTER III 

TEE NUCLEOMORPH 

INTRODUCTION 

The nuoleomorph (Greenwood, 1974) reported to occur regularly 

in the periplastidial space of a variety of cryptophytes (Greenwoodg 

1974; Santore, 1975; Coombs and Greenwood, 1976; Oakley and Dodgeq 

1976; Hibberd, 1977; Greenwood'et al., 1977) has become recognised 

as a characteristic feature of the Cryptophyceaet having been observed 

in all examples where it has been sought except notably in Cyathamonas 

(see Chilomonas/Cyathanonas chapter) for which the published accounts 

give no indication of the presence of a chloroplast ER. 

The nucleomorph appears in sections as a granular body surrounded 

by an envelope of two membranes fenestrated by small pores. It contains 

a nucleolus-like area, and has been likened to a small nucleus (Greenwood, 

1974; Santore, 1975). Completing this comparisong the matrix contains 

a number of distinctively densely-staining round or rod-shaped particles 

disposed usually in a loosely organised group. 

This unique organelle is located in the periplastidial space, 

generally near to the pyrenoid when present and appears in some 

cryptophytes to be closely appressed to the nucleus (see Plagioselmis 

chapter). However, its position is reported to vary in different generaq 

and in Cryptomonas from species to species (Santore, 1975). Previous 

studies of Chroomonas mesostigmatica (Santore, 1975) show the nucleomorph 

to be situated close to the nucleus near the stalked stigma (Dodgep 1973) 

which characteristically projects from the plastid. In Hemiselmis 

rafescens, the position of the nucleomorph close to the nucleus indicated 

the possibility of a connection between their peripheral envelopes via 
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the chloroplast Ea (Greenwood, 1974) ýut evidence of such a connection 

has not been observed in any other instance. 

A single nucleomorph is typically associated with each plastid 

(Santore, 1975). Thus, the number of nucleomorphs present in an 

individual cell is normally equal to the number of plastids characteristic 

of the species examined. This correspondence was found to apply even in 

the cryptomonad endosymbiont of Mesodinium rubrum, the numerous plastids 

of which are each associated with a separate nucleomorph (Ilibberd, 1977). 

Previous studies of the colourless cryptophyte Chilomonas contain some 

illustrations in which a nucleomorph is mistakenly identified as a 

leucoplast (Joyong 1963t Plate 5; Sepsenwol, 1973, Plate 6). Current 

studies of Chilomonas (see chapter on Chilomonas/Cyathamonas) indicate 

no more than one, or two nucleomorphs per cell, corresponding probably 

to the number of leucoplasts present. 

Weh=eyer (1970) observed a nucleomorph in CryDtomonas and 

noting the conspicuous groups of osmiophilic particles that it contains 

identified it as the stigma. Santore (1975), commenting on this report 

noted that the possibility should not be overlooked that in certain 

cryptophytes such as Hemiselmis'rufeseens the functions of the nucleo- 

morph might include those of a stigma. Howeverv the Primary role 

proposed for the nucleomorph, without prejudice to alternative hypotheses 

that might explain its origin and location in the cell (Greenwood, 1974; 

Santore, 1975), was that of a minor genophore functioning separately 

from the main nucleus, in relation presumably to the ribosomes and other 

contents of the starch compartment. Howeverv with the development of 

theories of the endosymbiotic origin Of Phytoflagellates (Margulis, 1970)9 

recent discussions of phylogeny and chloroplast evolution (Greenwood 

2-t Al-, 1977; Gibbso 1978; Whatley. 2t al., 1979; Dodge, 1979) have 

focused particular attention and speculation on the relationships of 
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the four membranes surrounding the cryptophyte chloroplasts and the 

confinement of the nucleomorph within the matrix of the starch compart- 

ment formed by the outer pair of membranes. Whatley et 11. (1979) and 

Dodge (1979)9 in independent reports, propose that the outer pair of 

membranes, traditionally referred to as the chloroplast ER (Gibbs, 1962)v 

have evolved from the combination of a phagocytic vesicular membrane 

of an ancestral host and the limiting membrane of a eukaryotic endo- 

symbiontv while the inner pair is thought to be the standard chloroplast 

double envelope. According to this concept the starch-containing matrix 

within the periplastidial space is considered homologous with the starch- 

containing-cytoplasm of a rhodophycean type of cell and the nucleomorph 

is its remnant nucleus. 

In his recent phylogenyp Dodge (1979) proposed that a single- 

cell red algal endosymbiont incorporated within an ancestral flagellate 

initiated the cryptomonad line. In this proposal the presence of the 

nucleomorph becomes extremely significant. Echoing previous 

observations by Gibbs (1978) and Whatleyftt 2,1. (1979)9 it is appaxent 

that additional evidence to test this hypothetical origin of the 

Cryptophyceae could lie in determining whether or not the nucleomorph 

has a genetic function and if It is indeed the remnant of a nucleus. 

Further investigations into nucleomorph structurej chemical composition 

and the role it plays within the periplastidial space are clearly 

required. 

OBSERVATIONS 

Nucleomorphs were studied in sections of cells prepared from 

cultures of Cryptomonas 58 and 429 Chilomonas paramecium, Hemiselmis 

rafescens, and Plagioselmis Punctata. 
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Cells of Cryptomonas 589 sectioned through an appropriate 

longitudinal plane, reveal the two nucleomorphs positioned on opposite 

sides of the cellq each within the starch compartment of its associated 

plastid (Fig. 1& 2). Profiles of the nuoleomorph aie irregular and 

vary from rounded to elongated, making amy exact statement of its 

dimensions difficult. Howevert the average diameter of the more rounded 

nucleomorphs is estimated to be .8 to 1.0 ý=. 

Nucleomorphs observed in this study possess similar characteristics 

to those previously described in the literature (Greenwood, 1974; Santorep 

1975), displaying in sections a pale granulax ground material within which 

can frequently be found a nucleolus-like area of darker-staining granules 

and a group of distinctive densely-staining particles. These distinctive 

particles may be rounded, bacilliform, or rod-shaped. Observations on a 

large number of nucleomorphs showed that these conspicuous particles are 

found typically clustered together in one end of the nucleomorph (Fig. 1). 

The groups of particles are often found situated very close to the 

envelope (Fig. 18 & 19), a feature particularly evident in glancing 

sections (Fig. 35), although a definite attachment-to the envelope has 

not been observed. In longitudinal sections of Crntomonas cells where 

both of the nucleomorphs are visible, a cluster of paxticles may be 

found at the anýerior end of one nucleomorph and at the posterior end 

of the second nucleomorph (Fig. 1&2, arrows). For the purposes- of the 

following text these particles will be referred to as condensed nucleo- 

morph material or CNM paxticles. 

When examined at higher magnification the two nucleomorphs of 

Fig. 2 reveal further interesting features (Fig. 3& 4). An outbudding 

of the nucleomorph envelope into the matrix (Fig- 4) appears similar to 

those noted in the nucleomorphs of the cryptomonad endosymbiont of 

Nesodsinium rubrum (Ilibberd, 1977)9 although such structures were not 

often observed in this study. Groups of particles resembling poly- 
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ribosomal configurations (Fig. 4, arrows) are frequently found in the 

periplastidial matrix immediately s= ounding the nucleomorph and axe 

particularly evident near nucleomorphs believed to be undergoing 

division (Fig. 25 and 28). The helical structure of these configurations 

superficially resembles that of a type of polyribosome sometimes 

observed in higher plants (Woodingt 1968). Howeverv when they are examined 

closely in longitudinal (Fig. 5) and transverse (Fig. 6) section these 

potential polyribosomal chains display a tubular organisation which does 

not conform with the structure of typical helical polyribosomes, including 

those observed in a Chilomonas nucleus (Fig. 7). The exact nature of 

these configurationsq and if they are indeed a type of polyribosome, has 

not yet been determined. Nor do they appear to correspond to any known 

form of viral contamination (Professor R. Horne, personal communication). 

Polyvesicular bodies bounded by a porous envelope of two 

membranes (Fig. 8&9, a=ows) are occasionally found in the periplastidial 

matrix in the vicinity of the nucleomorph and could possibly have budded 

off from the nucleomorph., 

Small patches of lightly-staining structured material closely 

associated with the CNM paxticles (Fig. 3& 49 arrows) display a fibrous 

nature when observed at higher magnification (Fig. 10). In certain 

instances serial sections of nucleomorph (Fig. 11,12 & 13) show this 

fibrous material to be attached to, or emanating from, a few elongated 

and correspondingly aligned CNK particles. At high magnification, four 

to five fibres are seen projecting from one end of each of the aligned 

particles (Fig. 149 159 16 & 18). The fibres, individually about 

5.0 nm. in width, lie in parallel rows, retaining the alignment of their 

associated particles. Although in such examples fibrous extensions 

appear located in relation to only a few of the CNM particleso in others 
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fibres are more numerous and all the CNn particles in the cluster may 

be similarly associated with them. The bundles of fibres appear often 

extended deeper into the nucleomorph as though they may have grown out- 

wards from the CMK particlesq although whether in fact the fibres are 

formed from the GNM particles, or from other material in the nuCleomorphq 

or from a combination of both is not known. A distinctive periodic cross- 

banding (Fig. 19 & 20) associated with long extensions of the fibres is 

not immediately apparent in the groups of short fibres, (Pig. 18). Thust 

the two different types of fibres (with and without the distinctive 

cross-banding)q occasionally observed together in the nucleomorph (Fig- 

17), are thought to represent different stages of development of the 

fibrous material. 

ýIxtending in parallel rows from the CNM Particlest the fibres 

from each particle remain close together, being somehow laterally inter- 

connected to form the large fibrous structures (ps), seen in serial 

sections (Fig. 21,22 & 23) to extend across the nucleomorph, passing 

through an area which has a darker-stained granular appearance suggesting 

the nucleolus-like region is in a state of dispersion. Examined at 

high power the FS displays a distinctive regular cross-banding, correspond- 

ing to a linear periodicity of structure visible in the individual fibres 

(Fig. 24)- This periodicity represents points of cross-linking between 

the fibres and can be seen in some sections to be so extensive and regular 

as to give the appearance of a lattice or network of particles extending 

throughout the FS (Fig. 30 & 39). Transverse sections reveal that the 

material comprising the FS is arranged in a spiral, having an estimated 

diameter of 200 rm. and displaying a distinct regularity in the periodicity 

(Fig. 28 to 30) of radial links. The regular intervals between the 

points of fibre interconnections in both longitudinal and transverse 

sections of the FS is approximately 12 
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NucleomorDh division 

The varied appearance of the CKK particles and their association 

with the FS was suggestive of different stages of division in the 

nucleomorph. In most sections of nucleomorphs presumably not in a 

state of divistiong the CNn particles tend to be isodiametric in shape 

and are commonly located close to the nucleomorph envelope in an 

unregimented manner. However, with the appearance of fibrous extensionsp 

the associated CNM particles acquire an ordered alignment (Fig. 32 to 

34). Invaginations of the periplastidial matrix into the centre of the 

CNM cluster (Fig. 32) around which the CXK particles tend to be neatly 

arranged (Fig. 119 120 13 and 36)9 are frequently observed in such 

examples. The close association of these invaginations of the envelope 

with the aligned particles suggests the possibility that the formation 

of these invaginations might play a role in motivating CNK particle 

alignment, or vice-versa. When the majority of particles in a cluster 

are aligned their associated fibres appear to extend from the groups 

of particles forming the FS (Fig. 35, arrows). In some examples the 

aligned particles are extremely elongated, appearing almost as if they 

had been 'pulled out' into long rods by their fibrous extensions 

(Fig. 42), or alternately had become condensed and elongated along a 

framework of fibres (Fig. 51 to 54). In some profiles CNM particles 

appear clustered at opposite ends of the nucleomorphp linked by the 

centrally positioned fibrous structure (Fig. 36 to 39, and at higher 

magnification, Fig. 40 to 42). Such examples may represent stages in 

a process of Separation of the CNM particles into two groups prior to 

the division of the nucleomorph. The shapes of the particles suggest 

that they may also be being duplicated at this time. The ultimate 

result of this (duplication) process is the establishment of two 

separate clusters in close proximity to the envelope at opposite ends of the 
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nucleomorph (Fig- 43 to 45). The numbers of particles in each of the 

two groups (Fig. 43) appears to be not less than is typical of single 

groups found in nucleomorphs of this strain. This interpretation implies 

that the combination of particle alignment and the formation of the 

fibrous structure are somehow integrally involved in the process of CNM 

particle duplication and the division of the population into two equal 

complements to be ultimately alloted one to each daughter nucleomorph. 

Although an FS connecting the two clusters is not visible (Fig. 43 to 

45) and the particles are now arranged in random attitudes, some fibres 

associated with the CNM particles may still be found at this stage 

(Fig. 46 and 46A). Division (separation) of the organelle appears to 

be completed by a constriction which pinches inwards through the 

centre of the nucleomorph between the two groups Of CNM (Fig- 47 to 50)- 

This sequence of events may be compared to the equivalent process in 

nuclear division. However, the notable absence of microtubules in the 

nucleomorph and in the surrounding periplastidial matrix points to 

significant differences in the mechanism involved. The FS apparently 

remains for a brief time after division in newly formed daughter nucleo- 

morphs (Fig. 22 and 23). During the entire process of division the 

nucleomorph envelope remains intact. No indications of division in 

the main nucleus occ = ing simultaneously with the nucleomorph division 

were observed. 

Section tilti 

Additional features of the nucleomorph were discovered by 

tilting sections in the goniometer stage of the Philips 301 G electron 

microscope. 

The CNM particles positioned in opposing halves of a dividing 

Chilomonas nucleomorph (Fig- 47 to 50) are seen to be in two separate 
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groups, organised in the form of long rods aligned in a parallel fashion 

and having the rods in one group aligned in a direction almost 

perpendicular to those of the other. When a section of this nucleo- 

mo=ph (Fig- 49) was tilted about an axis in the plane of the section 

parallel to the rods in the left hand group an underlying pa=acrystalline 

arrangement was revealed in the right hand group (Fig. 51 to 54) showing 

the rods of CNM in transverse section to be arranged in a hexagonal 

array, each particle linked to six other surrounding particles by thread- 

like connections to form a regulax three dimensional structure. This 

arrangement was confirmed in many sections of Chilomonas nucleomorphs 

similarly examined, including other examples such as Fig. 55 to 62 

where the plane of view is almost perpendicular to the rods, revealing 

the regular hexagonal arrangement and the thread-like transverse 

connections from each rod to its six equidistantly spaced neighbours. 

There is no evidence in these transverse sections, e. g. Fig. 60 and 629 

of any fibres parallel to the rods. If the fibres of the FS are present 

in the structure they are most likely to be situated as cores to the 

rods. A similar ordered arrangement of CNK particles with inter- 

connecting threads between particles has also been observed in the 

nucleomorphs of Cryptomonas 42 (Fig. 87 & 90, arrows) where the FS 

is also visible in areas not occupied by CNM particles. 

A comparison of the organisation of the FS with that of the 

paxacrystalline formations of CNM particles, most highly developed 

in Chilomonas nucleomorphs (Fig. 60 & 62), revealed the periodicity 

of the cross-links of the FS fibres and the centre-to-centre distances 

of the particles in hexagonal formation both to have an approximate 

interval of 10.0 to 13-0 nm- 

Optical diffraction of the paracrystalline arrangement of CNM 

particles in Fig. 60 produced a distinct and repeatable diffraction 



355 

pattern (see belows Fig. 63) emphasizing the highly regular hexagonal 

arrangement of, the particles, from which may-be derived the average- 

centre-to-centre interval of approximately 12.0 nm. 

A diffraction pattern of the paracrYstalline Fig. 63- 

arrangement of CNM particles in Fig. 60. 
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Longitudinal sections of Plagioselmis punctata reveal the 

nucleomorph to be characteristically located centrally to the single 

cup-shaped plastid, and in very close apposition to the nucleus (Fig. 

64)- Examination of many sections of Plagioselmis cells (see. Plazioselmis 

chapter) confirms that the nuclear envelope appears to be confluent 

with the chloroplast ER over a wide area subtending the chloroplast but 

in the region of the nucleomorph (Fig. 659 arrow) the lumen is abruptly 

na=owed and the nucleomorph lies closely appressed to it. The four 

membranes of the combined nuclear envelopeg chloroplast ER, and the 

nucleomorph all lie very close together and display a conspicuously 

dense appearance (Fig. 64). The four membranes (see schematic 

representation Fig. 76) appear so compressed in some sections as to 

suggest the existence of a connection between the nuclear envelope 

and the nucleomorph envelope (rig. 65 & 67); the possibility of such a 

connection was commented on by Greenwood (1974) in his description of 

a certain section in Hemiselmis rufescens. However, the tilting of 

these and other comparable sections in the goniometer stage showed that 

the membranes are distinctly sepaxate (Fig. 65 to 68). The heavily 

stained appearance of the membranes in this Paxticular area might be 

caused by the presence of some sort of membrane-bonding substance, a 

condition perhaps similar to that thought to Occur between thylakoid 

membranes in cryptophyte plastids (Coombs and Greenwood, 1976; also 

see chapter on Palmelloids/Cysts, Fig. 66 to 68). 

Chemistry 

i) Light microscopy 

Freshly made slide preparations Of. ClYPtomonas and Chilomonas 

cells were stained with Acridine orange (Materials and Methods) and 

viewed in the light microscope in fýuorescent light in an attempt to 

determine the presence of DNA and RNA in the nucleomorph. The 
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staining of the cells produced standard results, colouring ribosome-rich 

regions orange-red and the nucleus a bright yellow. In many cells a 

small bodyg stained dark red, was observed positioned near the nucleus. 

ýIt was thought that this small body might be the nucleomorph, and 

indicating a heavy RNA content. 

Slide preparations pre-treated with RNAse and then stained with 

Acridine orange showed only the DNA in the nuclei to have been stained 

a green-yellow and other cell components9 including the nucleomorphs 

were indistinguishable. The small size of the nucleomorph, its close 

proximity to the nucleus, and the possibility that the quantity of 

DNA9 if present in the nucleomorphp might be too small to detect by 

this-means and leaves these negative tests for DNA inconclusive. 

ii) Electron microscopy 

a) The Gautier (1973) method for selective staining 

of DNA in thin sections of Cry-ptomonas 42 fixed in glutaraldehyde 

only, without an osmic acid post-fixation, were hyd=olysed in 5N HCL 

for 15 minutes at room temperature and stained (Materials and Methods) 

with freshly prepared., and sulphated)Gautier's reagent (1973). Hydrolysis 

of sections resulted in the extraction of ribosomes, interchromatin 

material and nucleoli, and altered the appearance of the cells to the 

extent that identification of many cellular constituents was impossible 

(Fig. 70). Gautier's r6agent (1973) clearly stained the chromatin 

in the nucleus but it vas difficult to distinguish the nucleomorph to 

determine if it contained similarly stained material. Even in control 

sections of non-hydrolyzed material stained only with Gautier's reagent 

(Fig. 69) the nucleomorph was difficult to locate, although the 

ribosomes in the plastids and the nucleus are visible. In many 

hydrolyzed sections (stained with sulphated Gautier's reagent) small 
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dark bodies (Pig. 72 to 74, arrows) situated close to the nucleus 

were thought to correspond in size and location to the nucleomorph 

(NM) in the non-hydrolyzed control section (Fig. 71). The uncertainty 

in identification of nucleomorphs in these sections demonstrates the 

difficulty faced in attempting to locate such a small organelle in a 

cell inevitably damaged by the effects of hydrolysis. However, the 

control section (Fig. 71) when examined at higher magnification 

(Fig. 71A) revealed the presence in the nucleomorph of a small patch 

of lightly-staining fibrous-appearing material (arrow) near to a 

cluster of densely-staining CNM paxticles. The lack of electron density 

in this fibrous-appearing material (Fig. 71A, arrow) might be considered 

comparable to that of the very lightly-staining chromatin in the 

nucleus, in contrast with the increased electron density of the CNM 

particles. 

Sections of Plagioselmis munctata, showing the nucleomorph in 

its expected position in relation to the plastid (Fig. 76), provided 

a much better subject than Cry-otomonas for this particular investigation. 

The prominently sited Plagioselmis nucleomorph was extremely easy to 

locate and identify even in sections of cells severely affected by 

hydrolysis (Fig. 77 to 80). The selective staining of hydrolyzed 

sections with Gautier's reagent (1973) showed small areas of darkly- 

stained material in the nucleomorph (Fig. 809 arrow) comparable in 

density to that of the nuclear chromatin, although it is difficult to 

determine if this stained material represents the CNK particles or 

the granular nucleolus-like area. 

An alternative method involving the staining of hydrolyzed 

sections with sulphated ruthenium red (Gautier, 1973) was also employed. 

In his report, Gautier (1973) proposed that sulphated ruthenium red 
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(RR-SO2) could be employed as a selective stain in the localization of 

DNA in thin sections. Tested on hydrolyzed sections of Plagioselmis 

the RR-SO 2 produced a distinct staining contrast in areas of the nucleus 

rich in DXAf notably the chromatin (Fig. 77 & 78), although the staining 

intensity is variable. In the nucleomorph, tiny areas of stained 

material. were found (Fig. 77 & 78). Howeverp the staining produced 

by the RR-SO 2 is not as intense as in the comparable area (Fig. 80, 

arrow) stained with Gautier's reagent. 

b) Staining in fixation 

Ruthenium red, used for the detection of mucopolysaccharides 

(Materials and Methods) produced results equally as interesting as 

those obtained from sections stained with Gautier's reagent (1973). 

When incorporated into the glutaraldehyde fixation (without an osmic 

acid post-fixation) of Plagioselmis, ruthenium red produced an intense 

staining effect in parts of the nucleus (Fig. 75) not achieved in 

sections of similar material fixed in the standard glutaraldehyde/Osmic 

acid method (Fig. 76) and thus indicating that the ruthenium red is 

probably bonding particularly with chromatin areas of the nucleus and 

rather less strongly with the nucleolus. Membranes and 

lipids appear to be unstained after this treatment. 

Sections of Crntomonas 42 prepared in a glutaraldehyde fixation 

(without an osmic acid post-fixation) incorporating ruthenium red 

produced results similar to those obtained for Plagioselmis. 

Ruthenium red, in the absence Of an osmic acid post-fixation has 

effected a greater staining of parts of the nucleus, the nucleomorphv 

and the plastid ribosomes (Fig. 82 to 839 and 86) than of other 

components of the cell. Some of the components in these organelles 
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to which the ruthenium red is binding particularly strongly may 

therefore contain chemically similar materials. A comparison with 

control sections of material fixed in glutaraldehyde alone (Fig. 85) and 

sections fixed in the standard glutaraldehyde/osmic acid method 

(Fig- 84) shows chromatin in the nuclei to lack the intensity of 
1ý 

staining observed in the ruthenium-incorporated fixations, particularly 

in the former examplep although the nucleolus and plastid ribosomes 

are stained. Thust the ruthenium red appears to bind to DXA proteinsv 

and to a lesser extent to RXA proteins. 

A comparison of sections of Hemiselmis rufescens (Fig. 91 to 

93), prepared in fixations with and without the addition of ruthenium 

red, produced results comparable to those obtained for Plagioselmis 

and Cr. "tomonas, showing the same components of the nuclei and 

nucleomorphs in cells from the ruthenium fixation to be more intensely 

stained than those in cells from the control fixations. The 

glutaraldehyde/ruthenium red fixations of Plagioselmis, Cr7rotomonas, and 

Hemiselmis (Fig. 75Y 81 & 929 respectively) all show particularly 

intense staining in the nucleol. -is-like areas also seen particularly 

we 11 in Fig. 86 & 87) and in the UP particles. 

Sections of nucleomorphsv in an apparent state of division, 

prepared in fixations with and without the incorporation of ruthenium 

red were compared in an attempt to determine if the appearance of the 

nucleomorph fibres varied with the type Of fixation employed. Sections 

fixed only in glutaraldehyde show the nucleomorph fibres to be faint 

but visible (Fig. 90) and are equally distinct in sections of material 

fixed only in glutaraldehyde incorporated with ruthenium red (Fig. 87) 

and sections fixed in the standard glutaraldehyde/osmic acid method 
(Fig. 88 & 89). The density of the CNK particle staining appears to 

be the same in the three different types of fixation. 
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A comparison of the nucleomorph with the crYPto'Phvte nucleus 

Sections of Chilomonas nuclei display plates of condensed 

chromatin which might be considered somewhat similar in density of 

staining to the considerably smaller and more globular CNM particles, 

and in some instances (Fig. 95)v when appearing to be in a more 

condensed state, they resemble the CUM particles in texture also. 

Moreover, rod-shaped formations (approximate dimensions of 50 m. by 

110 m. ) of condensed chromatin (Fig, 49, arrows) display in some 

places an ordered alignment that is stZikift3IJ similar to the rod-shaped 

CNM particles (approximate dimensions of 25 m. diameter and variable 

length)found aligned in dividing nucleomorphs (Fig. 21 & 23). Howeverp 

in the nucleus no fibrous interconnections between the rods of chromatin 

or fibrous systems similar to the FS have been observed, although 

fibres have been found (see below). 

Transverse sections of the pores in the nucleomorph (Pig'. 96) 

and nucleus (Fig. 97 & 97a) envelopes show them both to have a rather 

similar appearance. A central granule with connections to the border 

is frequently present in the nucleomorph pores (Fig. 13 & 35, open 

arrow) and there is some evidence of regular substructure in the 

borders of the pore although not well defined. Alsog the octagonal 

particulate decoration of the perimeter of the nuclear pore (Gunning 

and Steer, 1975) has not been discerned in the nucleomorph pore. In 

longitudinal section the pore appears very straight-sided (Fig. 13P 

open arrow) unlike the more rounded edges of the nuclear pores. The 

average diameter of a nuclear pore is approximately 100 r=. while that 

of the nucleomorph is slightly smaller, 70 nm. agreeing with previous 

observations by Santore (1975). 

The appearance of fibres in the nuclei Of Cryptomonas cells 
(Fig. 99 to 102) has not previously been reported axid"is an observation 
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of special interest. A comparison"of these nuclear fibres (Fig. 99) 

to fibres in the nucleomorph (Fig. 98) shows them to be similar in 

diameter (approximate diameter 5.0 m. ). Both examples lack the 

striated cross-banding of the fully developed FS. It is unlikely that 

the nuclear fibres are microtubules disrupted by fixation since these 

structures usually break down to their constituent protein units 

(Heathq 1978) and their size and location at the periphery of inter- 

phase nuclei is inconsistent with the descriptions of microtubules 

that occur in the cryptophyte. nucleus during division (Oakley and 

Dodgev 1973; Oakley and Bisalputra, 1976). The section of the 

% Cryptomonas 42, nucleus in Fig. 1020 obtained from material fixed in 

iglUtaraldehyde alone shows the fibres lying along the periphery of the 

nucleus. The weak staining of these fibres is similar to that of the 

lightly-staining nuclear chromatin in the same field of view and 

comparable to that of the nucleomorph fibres (Fig. 71AP arrow) observed 

in a section of similarly prepared material. 

An example of the presence of fibres in another algal nucleus 

is provided by Porphyridium cruentum (Greenwood, unpublished) although 

not reported by previous investigators of this species (Gantt et al., 

1965). The fibres in this rhodophyte nucleus appear to be present 

in at least two groups (Fig. 103v arrows; micrograph supplied by kind 

permission of A. D. Greenwood). The main group of fibres have a rather 

similar appearance and size (approximate diameter 7.0 nm. ) to those in 

a comparable cryptophyte nucleus (Fig. 101) and also lack the distinctive 

periodicity of the nucleomorph FS fibres. The second smaller group 

of fibres is situated close to the nuclear envelope and appears to be 

attached to it (Fig. 103, arrow). A further comparison may be made 

with intranuclear fibres described in association with the Mitotic 

spindles of Physarum (Heath, 1978). This organism, whilst not an 

alga, exhibits a flagellated phase in its life cycle. Although 

intranuclear fibres were not characterised in detail it was observed 
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that they were not breakdown products of microtubules. The range 

of their diametero 3-0 to 9-0 m- spans the width of the fibres found 

in the nuclei of cryptophytes and Porphyridium. 

DISCUSSION 

The initial comparison of the general appearance of the nucleo- 

morph to that of a small nucleus remains valid, but extending this 

analogy to compare nuclear division with that of the nucleomorph raised 

many new questions. In analyzing the process of nucleomorph, division 

(described above) it is apparent that the densely-staining CHM particles 

play a most significant role and thus examination of their properties 

is vital. The. CNM particlesq particularly the rod-shaped forms, 

appear suggestively similar to the rodlets of condensed chromatin 

observed in the nuclei of Chilomonas and bryophyte spe=matids (Duckett 

and Chescoe, 1976). The comparison with the nuclear material of the 

latter may be extended to include a similarity in the tdrawn-outt 

appearance of condensed chromatin in the bryophyte spermatid nuclei 

to that observed in the CNM particles. Howeverp elongation of the CNN 

particles occurs independently of the shape of the nucleomorphs, whereas 

in the bryophyte nucleus the tdrawing out, of the chromatin rodlets 

is associated with a corresponding elongation of the containing 

organelle. Chromatin-like material has not been previously reported 

in the nucleomorph (Santore, 1975). However, plates of condensed 

chromatin in which the individual chromosomes are impossible to 

distinguish are a feature of the CrYPtophyte nucleus itself (Oakley 

and Bisalputra, 1977). and further support the possibility that the CNM 

particles might be a form of condensed chromatin. 

The tests employed to detect the presence of DNA in the 

nucleomorph produced positive results on sections of Plagioselmis 

nucleomorphs and were successful to a lesser degree on sections of 
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Cryptomonas and Hemiselmis nucleomorphs. Specific staining of 

sections for chromatin by a variety of methods produced results that 

would appear to indicate that the nucleolus-like region and the CNM 

particles show an affinity for the stains applied. However, this 

apparent staining of DNA material is not totally conclusive as there 

are many factors which may qualify the outcome of such tests including 

the structural damage incurred during the acid hydrolysis of the 

sections. 

It was provoking to observe that the control sections of 

Cryptomonas cells (fixed in glutaraldehyde alone and stained with 

lead citrate and uranyl acetate) revealed that the fibres in both the 

nucleomorph (Fig. 71A, arrow) and in the nucleus (Fig. 102) show a 

comparable paleness in staining intensity similar to that of the 

nuclear chromatin. However, it is to be recalled that these examples 

are merely control sections, not specifically stained for DNA. Thus it 

would be an unsubstantiated assumption to conclude purely on the basis 

of a similarity in the lack of staining intensity of both the fibrous- 

appearing material in the nuclemorph and the nuclear chromatin, that 

the fibrous-appearing material contains DNA; it would be equally 

unwarrantable to assume that the more densely-staining CNM particles 

do not contain DNA. 

Sepsenwol (1973) reported4the appearance of DNA'filaments 

in the leucoplasts of. Chilomonas, was very similar to. 3)NA filaments 

found in bacteria. His density gradient tests with cesium-chloride 

were interpreted to show the probable association of a particular BNA 

fraction with the leucoplast but an additional fraction of DNA was 

found that could not be attributed to any particular part of the cell. 

It is possible that Sepsenwol unknowingly identified DNA in the 

nucleomorph, as he was unaware of the existence of this organelle and 
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in fact included an illustration of it (Sepsenwol, 1973, Plate 6) 

among his supposed examples of the leucoplast. 

A recent suggestion (Brent Heathq personal communication, April 

1980) is that the CNM particles might possibly be a virus permanently 

associated with the nucleomorph. This interpretation would assume that 

the virus has become int6grally involved in the division process of the 

nucleomorph in such a way as to insure an approximately equal division 

of its numbers and thus perpetuate its association with the nucleomorph. 

Whilst this possibility-should be explored R=ther there is little or 

nothing in the morphology of the CNM particles to suggest that they 

are indeed viral, including lack of evidence of a nucleic acid core 

surrounded by a protein cco. kT-. 

Although attention has been concentrated on the CNM particles 

since these so clearly show, evidence of replication in the division 

process, there are other components of the nucleomorph which might 

alternatively prove to be the equivalent of a chromosomal component. 

In the division of some fungig difficulties have been encountered in 

the identification of chromosomes in EM sections (Heath, 1978), since 

they do not become strongly condensed and appear only as diffuse 

moderately stained regions not unlike the nucleolus-like areas of the 

nucleomorph. 

The ordered alignment of the CNM particles is a characteric 

feature of nucleomorph division. The motivation of alignment 

presumably involving regular lateral interconnection of particle, to 

particle, is not understood. However, the invaginations of the nucleo- 

morph envelopep observed to consistently occur in the area of a cluster 

of CNM particles undergoing alignmento might be involved in the 

mechanics of this process. Alternatively, if'the CNM particles are 
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attached to the inner face of the nucleomorph envelope the invaginations 

might result from movement of the particles. An interesting comparison 

can be made here with the dinoflagellates whose chromosomes, permanently 

condensed during interphaseq are attached to the nuclear envelope 

which develops invaginations in the early stages of nuclear division 

(Leadbeater and Dodgeq 1967; Kubai and Ris, 1969). In this type of 

nucleusl the nuclear envelopev being attached to the chromosomes, would 

appear to be instrumental in separating the chromosomes during its 

expansion. The association of the chromosomes with the nuclear envelope 

during mitosis varies in detail in the Dinophyceae, a particular 

example being the colourless dinoflagellate AmoebophrylAcierosei in 

which the chromosomesq found clustered about one region of the nuclear 

envelope, are probably moved during mitosis, in the absence of an intTa- 

nuclear microtabular spindlev by the nuclear envelope to which they are 

attached aided by some unknown force-producing mechanism (Heath, 1974). 

The involvement of cell membranes in the division of Prokaryotic 

nucleoids (Jacob et al. v 1963) has been compared to the functional 

association of the chromosomes with the nuclear envelope during movement 

further suggesting a homology with the bacterial systemjmay be 

indicative of a 'primitive' condition (Heath, 1974). 

Alignment of the CNM particles is accompanied by the appearance 

of fibres, closely associated with and appearing to extend from one end 

of each of the elongating, aligned Particles. The fibres appear to be 

attached to mosto if not all, of the CNM particles and seemingly grow 

in lengthv ultimately extending across the nucleomorph in the form of a 

large cross-banded fibrous structure (the FS) which in transverse 

section appears to have a spiral construction. Whether these fibres 

are derived from the associated CNK Particlesq other material in the 
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nucleomorpho or a combination of both is yet unknown. 

The process of duplication of the CNM particles is not under- 

stood, however, the CNK particles eventually appear aggregated into 

two distinct groups situated at opposite ends of the nucleomorph, and 

sepaxated by the FS extended between them. Evidence that duplication 

of the CNM occurs is provided by the observation that each of the two 

groups contain about the same number of particles, each group appearing 

to contain not less than the single CNX clusters normally present in 

non-dividing nucleomorphs of the same species. The exact number of CNM 

particles typical of different species of cryptomonads has not been 

satisfactorily establishedq but general observations of many nucleomorph 

sections shows that the clusters appear of a standard size in each 

species and that there are more CM particles present in the average 

nucleomorph of Chilomonas paramecium than in nucleomorphs of the 

Cryptomonas species examined, and very few CNM particles in the 

Plagioselmis nucleomorph. The constancy of particle numbers in 

different genera has very significant implications if the nucleomorphs2 

and the CNM particles themselves are ultimately determined to contain 

genetic material. 

The appearance of the FS in a dividing nucleomorph is evidence 

for its involvement in the division process although its exact role in 

the duplication and separation of the CNK particles is uncertain. In 

the absence of any identifiable form of microtubules, either within the 

nucleomorph or in the surrounding periplastidial matrix it is plausible 

to equate the role of the FS with that of the mitotic spindle as a 

whole in performing a mechanical separation of contained bodies into 

two or more less equal groups, whether or not these are genetic entities. 

The absence of microtubules during division and separation may not be 

r- 
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as surprising as it would initially appear to be. Previous reports on 

nuclear division in Cryptomonas (Oakley and Bisalputra, 19V1 indicate 

that microtubules appear to play a very minor role in mitosis. Studies 

of the dinoflagellate Noctiluca (SoYerv 1972; Heath, 1974) suggest 

that microtubules may be totally absent from the nucleus during mitosis. 

Also in the dividing nucleus of, B'uglena (Leedale, 1968) the microtubules 

appear to form within the nucleus, although the nuclear envelope 

remains intact throughout divisiong and seemingly make no clear contact 

with the chromosomes. 

In his theories on the evolutionary origins of phylogeny of 

mitotic spindles and microtubules. in eukaryotesq Cavalier-Smith (1975 & 

1978) proposed that the evolution of microtubules and of the actin- 

myosin system was the key event in the origin of eukaryotes. Howeverv 

he fails to comment on the implications presented by eukaryote mitotic 

systems which apparently lack microtubules as has been suggested to 

occur in certain dinoflagellates (mentioned above). Such systems 

might provide evidence for the existence and/or prior evolution of an 

alternative mechanism for mitosis in eukaryotes. R=thermore, in an 

investigation on the role of microtubules in mitasisv Parer (1974) 

proposed that microtubules comprise only a small Portion of the Mitotic 

spindlep the rest of the spindle being composed of actin-like filaments 

which probably generate the force and the means to regulate and co- 

ordinate chromosome movements. This proposal suggests the possibility, 

although purely speculative, that the PS might be composed of actin- 

like filaments which motivate CNK Particle alignment and separation by 

a mechanism fundamentally comparable to the corresponding processes of 

alignment and partition of genetic material in nuclear division. 

In considering the proposal that the cryptophyte chloroplast 

may have evolved from a single-celled red algal endosymbiont (Dodgeq 1979) 
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the only features of the nucleomorph that might be compared specifically 

with the characteristics of the rhodophyte nucleus are : the presence 

of fibres in both and the fact that during division the envelopes of 

both remain intact. In comparing the fibres found in the cryptophyte 

and rhodophyte nuclei to the unstriated-appearing fibres in the 

nucleomorph, their similarity in dimensions and appeaxance presents 

the possibility that the nucleomo=ph fibres might be an auxiliary part 

of the mitotic apparatus which, in the loss of microtubules, has become 

the sole effective mechanism. Further evidence which might support 

this hypothesis is the report of fibres of a similar diameter associated 

with the spindle microtabules in the nucleus of the fungus Physarum 

(Heath, 1978). Alternatively, these fibres may perhaps represent 

structural vestiges of a mechanism, once similar to the FS2 that 

predates in evolution the emergence Of micrOtubules in the process of 

mitosis. In either case their presence in the nucleus, observed to 

date only in these few examples, is possibly of some phyletic 

significa. nce. 

Assessing the relative lack of tYPically eukaryotic details it is 

not surprising that the nucleomorph should be thought of as a remnant 

nucleus (Whatleytt 11., 1979). Its description as a remnant would 

suggest that during evolution its function was reduced with the loss of 

cytoplasmic organelles from the proposed endosymbiont and it degenerated 

to become no longer recognisable as the Original nucleus. Howeverv the 

possibility exists that the nucleomorph is not so much a remnant but indeed 

represents the nucleus of a primitive ancestral red algal endosymbiont st; // 

displaying a form so antique and relatively unchanged by evolution that 

its nuclear division bears no close resemblance to any other known form 

of mitotic division still extant in Rhodophyceae. 
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Whatever the previous history of the nucleomorph, the positive 

evidence of its unique process of division is not to be ignored. It 

is hoped that the information presented by this investigation will 

provoke further research needed to settle the speculation as to whether 

or not the nucleomorph is an ancient form of a red algal nucleus 

actively f=ctioning within the periplastidial space. 

e 
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LEGENDS 

Fig. 1 

A longitudinal section of a Cry-ptomonas 58 cell showing both 

nucleomorphs (arrows) each with a cluster of densely-staining CNM 

particles in one end. The left-hand nucleomorph has the cluster 

positioned in its posterior end and the right-hand nucleomorph 

has the cluster in the anterior end. x 16,825 

Pig. 2 

A section of a different Cryptomonas 58 cell from that in Fig. 19 

also showing the two nucleomorphs (arrows) each with a single 

cluster of CNM particles positioned in opposing ends of the two 

nucleomorphs. x 109250 

Fig. 3&4 

Sections of the nucleomorphs in Fig. 2 at higher magnification. 

In both Fig- 3&4 arrows point to lightly-staining patches 

associated with the CKM particle clusters in each nucleomorph. 

In Fig. 4a large arrow indicates an out-budding of the nucleo- 

morph envelope, and smaller arrows point to polyribosomal-like 

configurations in the periplastidial matrix. x 43,750 

Fig. 

Sections (l. s. &, t. s. ) of - Polyribosomal-like configu-ratiorl% 

in the periplastidial matrix Positioned alongside starch 

grain$. x 43Y750 

Fig. 

Helical polyribosomes lying adjacent tO rhizoplast microtubules 

in a Chilomonas nucleus. x 134POOO 
fa 

Fig. 8 

A polyvesicular body in the periplastidial compartment disPlaYing 

a fenestrated double membrane envelope and particulate inclusions- 

1002000 
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Fig. 

A polyvesicular body similar to Fig. 8. x 439750 

Fig. 10 

An enlargement of a CNM particle cluster in a nucleomorph 

showing the fibrous nature of the lightly-staining patches 

seen in the nucleomorphs of Fig- 3& 4- x 1229500 

Fig. 11,12 & 13 

Serial sections of CrYPtomonas 42 nucleomorph showing the 

lightly-staining fibres (arrows) associated with aligned, 

elongated CNM particles. Into the centre of the CNM cluster 

a distinct invagination of the envelope has occurred and around 

it the particles are neatly arranged. x 71,500 

Fig- 14,15 & 16 

Enlargements of the CNM clusters from Fig. 11,12 & 13 clearly 

showing the association of fibres with aligned, elongated 

particles. Each particle appears to have a bundle of 4 or 5 fibres 

extending from it. x 114,400 

Fig. 17 

A section of a. Cryptomonas nucleomorph showing two different 

types of fibre. The large arrow indicates a group of fibres 

with a distinct cross-banding. The small arrow indicates a 

separate group of fibres which appear finer and lack cross- 

banding. x 122,500 

Fig. 18 

A section of a Cryptomonas, nucleomorph showing the fibres 

associated with a few CNM particles. Although the fibres appear 

to lack the distinct cross-striation in Fig. 19 close 

examination reveals the-presence Of tiny cross-bands. The 

particles are positioned very close to the membrane of the 

envelope. x 122,500 
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Fig. 19 

A section of a Cryptomonas nucleomorph showing parallel rows 

of cross-striated fibres associated with CNM particles. x 122t5OO 

Fig. 20 

The nucieomorph in Fig. 19 at lower magnification showing the 

CKM particles grouped together very close to the envelope in one 

end of the nucleomorph. x 52Y500 

Pig. 210 22 & 23 

Serial sections of two newly formed daughter nucleomorphs. The 

right-hand nucleomorph still retains the fibrous structure 

(arrows) which appears to extend through a darkly-staining 

granular area suggestive of the nucleolus-like area in a state 

of dispersion. X 43t750 

Fig. 24 

Fig, 23 at higher magnification showing the periodic cross- 

striations of the FS. x 1059000 

Fig. 25 

A section of a C=jptomonas 58 nucleomorph showing the FS to 

have a spiral, appearance when sectioned transversely. The FS 

is positioned close to the cluster of CNM particles which are 

typically situated in one end of the nucleomorph. Nearby in 

the periplastidial matrix are several polyribosomal-like 

configurations (long arrow). 

Fig. 26 

An enlargement of the FS in Fig. 25 showing a radial periodicity 

in its spiral construction. x 1209000 

Fig. 27 

An enlaxgement of the nucleomorph in Fig. 25. x 529500 
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Fig. 28 

A section of a Cryptomonas nucleomorph, different to Fig. 25Y 

also shows the spiral arrangement of the FS when sectioned 

transversely. As in Fig. 25, the nucleomorph is elongated 

and nearby in the periplastidial matrix are polyribosomal-like 

configt=ations (arrows). x 419700 

Fig. 29 & 30 

Adjacent micrographs showing the FS in longitudinal and 

transverse sections respectively. The periodicity of the 

interconnections between the fibres is clearly distinct in both 

sections. x 87v5OO 

Fig - 31 

An enlargement of the transversely-sectioned FS in Fig. 28. 

196,000 

Fig. 32 

A section of a Cryptomonas nucleomorph showing several finger- 

like invaginations of the nucleomorphs envelope into the cluster 

of CNK particles. Many aligned particles (thin arrow) are 

associated with fibres (thick arrow). x 85,000 

Fig. 33 & 34 

Cr"tomonas nucleomorph sections showing CNM particles, many 

positioned very close to the nucleomorph envelope, aligned in 

several directions (long arrows). Although fibres (large arrows) 

are seen to be associated with only a few CNM particles in these 

sections it is thought that most of the particles, if not allp 

are similarly associated with fibres. x 85,500 

Fig. 35 

A glancing section of a Crntom-onas 58 nucleomorph revealing 

elongated, aligned CNM particles with their associated fibres 

extending into the FS (arrow). Some CNK particles are 

positioned so close to the nucleomorph envelope that they give 
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the appearance of a possible attachment. Nucleomorph pores 

(open arrow) in transverse section display a -resemblance to nuclear 

pores but contain a central star-shaped granule connected to the 

border of the pore at five points. x 1429000 

Fig. 36,37 & 38 

Serial sections of a C=, rptomonas nucleomorph undergoing division. 

Fig. 36 reveals a long finger-like invagination of the nucleomorph 

envelope projecting into the centre of the cluster of CNM 

particles. Around this invagination particles are neatly aligned. 

Fig. 37 & 38 show in the left hand end of the nucleomorph a group 

of particles aligned in parallel rows. Some of these particles 

appear to be undergoing an 'elongation process' as if they were 

being 'pulled out' into long rods by their associated fibres, 

which in turn extend into the FS. In the right-hand end of the 

nucleomorph a second group of CNM particles is seemingly being 

formedt separated from the parent group by the FS. x 359000 

Fig. 39 

An enlargement of Fig. 38 showing the periodic detail of the 

cross-connections between the fibres comprising the FS. 

x 87tOOO 

Fig- 40t 41 & 42 

Enlargements of nucleomorphs in Fig. 36t 37 & 38 respectively 

showing the FS in relation to particle alignment and elongation. 

X 529500 

Fig. 43,44 & 45 

Serial sections of a dividing Cry-Ptomonas nucleomorph showing 

two separate groups of CNM particles positioned in opposite ends 

of the nucleomorph. Both groups contain approxim tely the same 

number of particles. Fibres are associated with the particles 

of one group (Fig- 459 arrow). x 37,000 
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Fig. 46 & 46a 

Enlargements of the right-hand group of particles in Fig. 45 

showing the associated fibres in greater detail. x 709000 & 

142,000 

Fig. 47,489 49 & 50 

Serial sections through a dividing Chilomonas nucleomorph. The 

process of separation is taking place by a constriction in the 

nucleomorph which pinches inwards through the centre of the 

nucleomorph between the two groups of CNM particles. The 

particles in each group display a distinct alignment in parallel 

rowsq the direction of alignment of the rows in left-hand group 

lying perpendicular to the rows in the right-hand group. x 709000 

Fig. 519 529 53 & 54 

The Chilomonas nucleomorph, section in Fig- 49 was tilted in the 

goniometer stage of the Philips 301 G to angles of +51 0, +30 0 

-30 
0P 

-51 
0, respectively. The section was tilted in the plane 

of alignment of the particles in the right-hand group to reveal 

the underlying paracrystalline arrangement (Fig. 53 & 54). 

x 90,000 

Fig. 55 to 62 

A section of a different, Chilomonas, nualeomorph tilted in the 

goniometer stage of the Philips 301 G) in the plane of direction 

of the aligned rows of CNM particles. 

Fig. 559 57t 59 &, 61 were tilted at angles of -180, -3o 
0P 

-38 
0 

and -4809 respectively. 

Fig- 569 58,60 & 62 were tilted at angles of +180, +3009 +380 

and +480, respectively. 

The tilting of this section revealed the underlying paracrystalline 

arrangement present in the rows of aligned CNM particles. Each 

particle is linked to six others by a fine fibrous thread. 

x 1809000 , 
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Fig. 63 

A diffraction pattern of the paracrystalline formation obtained 

from the micrograph transparency of Fig. 58. x 480POOO 

Fig. 64 

A section of a Plagioselmis punctata cell showing the strateSk- 

position of the nucleomorph in the centre of the cup-chaped plastidl 

closely appressed to the nucleus. x 139460 

rig. 65 & 66 

The Plagioselmis nucleomorph in Pig. 64 was enlarged and tilted in 

the goniometer stage to angles of -18 
0 and +180 to reveal that 

between the nucleus and the nucleomorph, in the region of their 

appressed membranes (arrows)p interconnections do not exist. 

Pig. 67 & 68 

Enlargements of Fig. 65 & 669 tilted at angles of -18 
0 and +180, 

respectively. In the area where the nucleomorph is closely 

appressed to the nucleus the membranes appear to be more densely- 

stained than elsewhere in the section. Within the nucleomorph 

the darkly. -stainingg granularv nucleolus-like area is distinct 

as are the CNM particleso which generally appear to be few in 

number in Plagioselmis. x 112,000 

Fig. 69 

A control section of a Cryptomonas 42 cell from material fixed 

in glutaraldehyde alone and stained only with Gautier's reagent 

without first being processed through an acid hydrolysis. Nuclear 

and chloroplast ribosomes are visible. X 70POOO 

Fig. 70 

A section of Cryptomonas cell, similar to material in Fig. 69-, 

but hydrolyzed with 5N HCl and then specifically stained for DNA 

with Gautier's reagent alone. Only the chromatin present in 

the nucleus is stained. x 709000 
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Fig. 71 

A control section of a Cryptomonas 42 cell from material 

fixed in glutaraldehyde alone and post-stained with lead citrate 

and uranyl, acetate. The chromatin in the nucleus appears as 

areas of extremely pale areas of material. The nucleomorph (NM) 

in close proximity to the nucleus appears very small illustrating 

the problem faced in attempting to locate its presence in 

hydrolyzed sections. Inside the nucleomorph there appears to be 

a small area, of pale-staining materialq perhaps comparable 

in its lack of electron density to the chromatin in the nucleus. 

x 159000 

Fig. 71A 

An enlargement of Fig. 71 showing the nucleomorph to possess 

a small area of materialt appearing suggestively as rows of 

fibres and possessing lack of electron density comparable to 

that found only in the nuclear chromatin. The CNM particles 

darkly stained are also visible. x 105tOOO 

Fig. 729 73 & 74 

Sections of Cryptomonas 42 cells (fixed in glutaraldehyde alone) 

similar to Fig. 71, but hydrolyzed in 5N HCl and stained with 

sulphated Gautier's reagent. Small areas of darkly-stained 

material were located near the nuclei (arrows) but the damage 

incurred by the acid hydrolysis made it impossible to 

convincingly identify the nucleomorph. x 15,000 

Fig. 75 
A section of a Plagioselmis cell from material prepared in 

a glutaraldehyde fixation incorporating ruthenium red (no osmic 

acid post-fixation). The ribosomes in the chloroplast and the 

periplastidial, matrix are distinctly stained and the chromatin 

in the nucleus has acquired a density lacking in the cells 

fixed in glutaraldehyde alone (Fig. 70). Within the nucleomorph 
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(NM) there is a small area of comparable electron density . 
(arrow) 

to the ribosomes in the su=ounding chloroplast. x 18,750 

Fig. 76 

A section of a Plagioselmis cell from material prepared in the 

standard glutaraldehyde/osmic acid fixation method and stained 

in the usual method with lead citrate and uranyl acetate. The 

chromatin does not have the intensity of staining achieved in 

Fig. 75. x 379500 

Fig. 77 & 78 

Sections of Plagioselmis cells (fixed in Ilutaraldehyde alone) 

hydrolyzed in 5N HC1 and stained with sulphated rutheni= red. 

The chromatin of the nuclei is darkly-stained and to a lesser 

degree are small patches (arrows) of material within the 

nucleomorphs (NH). x 18,750 

Fig. 79 & 80 

Sections of Plagioselmis cells (fixed in glutaraldehyde alone) 

hydrolyzed with 5N HCl and stained with sulphated Gautier's 

reagent. The chromatin of the nucleus is stained to an intensity 

comparable with that of a small area (arrow), possibly the 

nucleolus-like area, in the nucleomorph. x 18,750 

Fig. 81 

Section of a CTyptomonas cells from material prepared in a 

glutaraldehyde/rLithenium red fixation method (without an osmic 

acid post fixation) and stained with lead citrate and uranyl 

acetate. The ribosomes (R) in the chloroplasts are darkly 

stained (arrow) but more intense is the staining of the chromatin 

in the nucleus. The two nuclemorphs both possess areas of 

electron density comparable only to that of the nuclear 

chromatin. x 12,500 
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Fig. 82 

A different Cryptomonas cell to Pig. 81, but prepared in a 

similar manner and also showing the similarities in staining 

intensity of nuclear chromatin and material in the nucleomorph. 

x 7,500 

Fig. 83 

An enlargement of the nucleomorph and nucleus of Fig. 82. 

A group of CNK particles in one end of the nucleomorph have a 

greater electron density than the darkly-staining granular 

materialv possibly the nucleolus-like regiont which occupies 

a large portion of the nucleomorph. x 43,750 

Fig. 84 

A control section of a Cryptomonas 42 cell fXOM material 

prepared in a standard glutaraldehyde/osmio acid fixation and 

I stained with lead cit-rate and uranyl acetate. A halo of 

ribosomes su=ounds the nucleolus. x 129500 

Fig. 85 

A control section of a Cryptomonas 42 cell from material 

prepared in a glutaraldehyde fixation alone. The nuclear 

chromatin 1z very pale staining in contrast with the density 

of staining of the nucleolar ribosomes and the ribosomes in the 

chloroplasts. In this section and in also pig. 84 the nucleomorph 

is visible but does not display any distinctive features. 

x 129000 

Fig. 86 

Section of a nucleomorph from material fixed in glutaraldehvde/ 

ruthenium red (without an osmic acid Post-fixation). x 709000 
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Fig. 87 

Section of a nucleomorph from material fixed in a 

glutaraldehyde/ruthenium red fixation. Two sub-circular 

nucleolus--like areas of darkly-staining granules are presentp 

as are the more densely-stained CNM particles aligned in rows. 

The FS is visible (arrows) and is rather palely"stained in 

contrast with the former two nucleomorph features. x 52500 

Fig. 88 & 89 

Sections of nucleomorphs from material prepared in the 

standard glutaraldehyde/osmic acid fixation method. The fibres 

(arrows) are visible but are very lightly-stained in comparison 

with the densely-staining CNM particles. In Fig. 68 the CNM 

particles are aligned (long arrow) and nearby is an invagination 

of the nucleomorph envelope. x 759000 and x 529000 

Fig. 90' 

A section of a nucleomorph from material prepared in a 

glutaraldehyde fixation alone. The CNM particles are densely- 

stained while the fibres, although very lightly stained, are 

still visble (arrow). Even the fibrous connections between the 

particles (open arrow) are visible. X 75POOO 

Fig. 91 

A section of a Hemiselmis rufescens cell from material fixed 

in glutaraldehyde alone. x 30,000 

Fig. 92 

A section of a Hemiselmis rufescens cell from material fixed in 

glutaraldehyde/ruthenium red (without an Osmic acid post- 

fixation). x 30,000 The ribosomesq nuclear chromatin and 

nucleomorph all appear more distinct than in Pig. 91. 

Fig. 93 

A section of a Hemiselmis rufescens cell from material fixed 

in the standard glutaraldehyde/osmic'acid method. x 309000 
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Fig. 94 

A section of a Chilomonas nucleus showing condensed chromatin 

in the form of short rodlets arranged in a row (arrow). 

309000 

Fig. 95* 

A section of a Chilomonas nucleus showing condensed chromatin 

to have a globular appearance. x 43,750 

Fig. 96 

A transverse section through a nucleomorph pore showing the 

stellate central granule with connections to the border of the 

pore. x 122ý500 

Fig. 97 & 97A 

Transverse sections of nuclear pores. x 87P500 

Fig. 98 

A section of a nucleomorph containing a g=oup of fibres (arrow) 

so finely-cross-banded as to appear to lack striations. 

900000 

Fig. 99 

A section of a. Cryptomonas 58, nucleus with a group of fibres 

positioned near the periphery (arrow). x 439750 

Fig. 100 

An enlargement of Fig. 99 showing the fibres to appear 

similar to those in the nucleomorph in Fig. 98. However, 

they appear to lack the distinct cross-striations typical of 

the FS. x 100,000 

Fig. 101 

Seen at a high magnification the fibres in a. 2Mtomonas 

nucleus appear to lie in parallel rows. x 1202000 
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Fig. 102 

A section of nucleus from a Cryptomonas 42 cell (fixed in 

glutaraldehyde alone) showing the fibres (arrow)v close to the 

periphery of the nucleus, to appear as pale-stainlsv3as the 

nuclear chromatin. In a section of a nucleomorph from similarilY 

prepared material (Fig. 71A) the fibres show a lack of electron 

density comparable to the fibres in the above nucleus. x 37t5OO 

Fig. 103 

A section of a Porphyridium nucleus showing two groups of 

fibres (arrows), a large group of un-striated fibres lying in 

parallel rows, and a smaller group near the periphery of the 

nucleus seemingly attached to the nuclear envelope. 

x 70,000 
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CHAPTER IV 

A COMPARISON OF TEE TWO COLOURIESS CRYPTOPH=S CHILOMONAS PARAMECIUM 

AND. CYATHAMONAS TRUNCATA 

INTRODUCTION 

The concept that the chloroplast in the Cryptophyceae should be 

regarded as confined in a separate compartment of the cell is now well 
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documented in the pigmented forms of the Cryptophyceae (Greenwood, 1974; 

Santore, 1975; Coombs and Greenwood, 1976). Little attention has yet 

been paid to how this pattern of internal compartmentation is expressed, 

if at all, in the colou=less forms. Previous investigations of 

Chilomonas paramecium (Joyon, 1963; Mignot et al., 1968; Sepsenwol, 

1973) have included reports of the presence of starch grains and double 

membrane enclosed bodies within the periplastidial sac and proposed that 

these bodies represent remnant plastids or Ileucoplasts', but these 

accounts were not extended to an explicit comparison of the Chilomonas 

cell with that, of other cryptophytes in terms of cell compartmentation. 

Doubts expressed about the inclusion of Cyathamonas in the 

CI-yptophyceae (11ollande, 1952; Skuja, 1956) are supported in later 

investigations by electron microscopy (Mignot, 1965; Mignot et al., 1968) 

which reveal that many features of Cyathamonas, including lack of 

starch grains and plastids, and the possession of a cytopharynx, are not 

found in any other cryptophytes. Previous accounts of Cyathamonas 

(mignot, 1964; Mignot et al., 1968; Schuster, 1968) also lack any 

mention of internal compartmentation. However, the trichoc*ysts in 

Cyathamonas were found to be identical to trichocysts in other 

cryptophytes (Mignot, 1965), having a distinctive structure not found 

in any other types of organism. The unique morphology of the trichocYsts 

was considered sufficient reason to justify the retention of this genus 

in current taconomies (e. g. Starmach, 1974) of the Cryptophyceae. 
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In a comparative study of Cryptomonas, Chilomonas and 

Cyathamonas Mignot et al. (1968) reported that Cry-otomonas and 

Chilomonas possess a similarily organised vestibular complex with 

fla, gella insertion in the ventral edge of the vestibule, whereaýs in 

Cyathamonas the flagella insertion is dorsal and the vestibular complex 

is structured differently to accommodate the cytopharynx-These authors 

reconciled this difference by proposing that the cellular torsion in 

Cyathamonas is different to that observed in other cryptophytes, 

regarding it as a feature of evolutionary advance from the basic pattern 

I of this class. However, such a conclusion may seem premature since 

knowledge of the structure and Organisation of this organism is 

incomplete and in many respects unsatisfactory. 

The available info=ation about the two colouxless cryptophytes 

Chilomonas and Cyathamonas clearly shows that they differ from each 

other in important features Of cell Organisation. In view, therefore, 

of the reservations expressed in recent theories concerning the origin 

of chloroplasts by endosymbiosis (Gibbs, 1978; Whatley et al., 1979; 

Dodge, 1979) investigations were undertaken of critical aspects of 

structure that may establish more rirMlY the attributes or these 

heterotrophic forms, and in particular their affinity to the Cryptophyceaev 

providing perhaps further insight into the Phylogeny of eukaryotic 

algae. 

OBSERVATIONS, 

Chilomonas paramecium 

Chilomonas paramecium has been studied in some detail by 

previous authors (Anderson, 1962; Joyon, 1963; Mignot et 'al., 
1968; 

Sepsenwoll 1973) but a brief first hand study of the general cell 
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organisation was necessary for a comparison with Cyathamonas in terms 

of current concepts of cell compartmentation. The cells (Fig. 1 to 3) 

have an approximate length of 10 to 18 ýLm. and show cvoTcý profiles in 

longitudinal sections. Internally, the general arrangement of cellular 

components includes a centrally positioned nucleus surrounded by starch 

grains, peripheral mitochondria and trichocysts, and rows of large 

gullet trichocysts around the gullet region (Fig. 2& 7). 

Insertion of the flagella into the ventral edge of the gullet 

has been described as similar to that in species of Cryptomonas 

(Mignot et al., 1968). Associated with each flagella base is a striated 

rootlet (Fig. 9& 10) and descending from the flagellar bases (Fig. 49 59 

6,9,10) is a prominent band of microtubules, the rhizoplast, which 

passes through the cell as a long, relatively straight strand that 

terminates at the extreme posterior end of the cell (Fig. 2, arrows). 

Viewed at higher magnification (Fig. 16 & 17)p the rhizoplast displays 

transverse striations representing material attached laterally to one 

side of the microtubular band (Mignot et al., 1968). Longitudinal 

sections of the flagella (Fig. 6,7 & 8) show the termination of the 

central axoneme tubules at the distal septum. In both flagella this 

septum extends across the width of the flagellum and is accompanied 

externally by a constriction of the flagella where it is attached to 

the limiting membrane. Situated about 500 nm. below the distal septum 

is the proximal septum which occupies only a small central position in 

I the flagellum (Fig. 8), being confined to the interior of the c4xoneme. 

In thin sections, the membranes delimiting the periplastidial 

compartments are clearly visible (Fig. 12) although the large numbers of 

starch grains and their general distribution, typically filling the area 

between the pelicle and the nucleus, make it difficult to follow the 

boundaries of the compartments or to define exactly their shape and 
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extent (Fig. 16). Close examination of sections leaves no doubt 

that the starch grains are surrounded by a granular matrix separated 

from the mitochondrial-containing cytoplasm by a boundary of two 

membranes, but the layer of matrix is often very thin (Fig. 16 & 16A). 

Howeverg where the matrix becomes locally distended 

small profiles of inclusions, limited by envelopes of two membranes. are 

not uncommon (Fig. 18 & 18A). Greenwood (unpublished) found many small 

profiles with ribosome-like particles of prokaryotio size that appeared 

likely to be leucoplastic. He suggested that these might comprise a 

large number of small leucoplasts org alternatively they could represent 

parts of one or two plastids irregularly extended and contained in 

compartments of a similarly irregular form. Evidence obtained from the 

many sections examined in this study would appear to indicate that a 

single leucoplast is situated among the starch grains in each of two 

periplastidial compartments, occupying positions comparable to that 

of the pair of chloroplasts in Cry-otomonas although much reduced in 

volume. In the absence of a bulky lamella system, which determines 

the overall shape of the chloroplasts and in turn that of the plastid 

compartments in pigmented cryptophytes, the numerous starch grains, 

now less restricted in position, have become the dominating factor. The 

leucoplast is confined to the thin tracts of matrix surrounding and 

ramifying between the starch grains, and has become difficult to detect 

(Fig. 16). Many sections contain no evidence of its presence (Fig. 1 

to 
In longitudinal sections of cells, the leucoplast is displayed 

in narrow profiles (Fig. 19 & 20) often no more than 0-4 ýLm. in width 

and of variable length. Its double membrane envelope (Fig. 18,21, 

22 & 23) encloses a granular ground material including particles of 

smaller size than the ribosome-like particles in the surrounding matrix 

(Fig. 22 & 24)- Occasionally small, densely-staining particles, 
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possibly phytoferritin (Robards and Robinson, 1968; Robards, 1970) 

were observed in the leucoplast (Fig. 24 & 25), although examination 

of many leucoplast sections failed to reveal evidence of plastoglobuli 

(Greenwood et al., 1963; Lichtenthaler, 1968) or any material that 

might be considered remnants of the thylakoids or pyrenoids. 

Profiles of nucleomorphs (Fig. 12,13P 14 & 15) were easily 

recognised and distinguished from the leucoplast by their larger size 

and more compact shape (up to approximately 0.8 ýLm. in diameter), 

the distinctive type of dense granules (CNM) and the pores in their 

containing envelopes. Although a section of a cell was not obtained 

showing two nucleomorphs, observations compiled from many sections show 

that a nucleomorph may commonly be found anterior to the nucleus (Fig. 3) 

or posterior to the nucleus (Fig. 1), in positions corresponding to 

the dispositions of the pair of nucleomorphs in 
_Cryntomonas 

(see Fig. 

1&2, Nucleomorph chapter). The distinctive densel3r"staining particles 

observed in the nucleomorphs frequently appear in the shape of long rods 

(Fig. 12 & 15) and may display a regular paracrystalline arrangement 

(Fig. 13 & 14) described more fully in the previous chapter (see 

Nucleomorph chapterp Fig. 51 to 62). Rod-shaped particles of densely- 

staining material were noted by both Joyon (1963) and Sepsenwol (1973) 

who, unaware of the existence of the nucleomorph, described these 

particles as being in the leucoplast, since they were confined in a 

double-membrane bounded body further contained by two membranes 

co=esponding to the chloroplast ER. 

A schematic diagram of Chilomonas. (Fig. 74) outlines the 

proposed internal organisation of this cell and illustrates the 

similarity of its compartmentation in comparison with a corresponding 

representation of Cryptomonas (Fig. 73). 
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The periplast of Chilomonas, observed in thin sections (Fig. 

20 & 21) is essentially cryptophycean in structure. The plasmalemma is 

closely associated with a thin underlying layer that is interrupted at 

trichocysts where its edges abut the trichocyst vesicle membranes in the 

typical manner seen, for example, in Cryptomonas, species and it was 

anticipated that this layer would also resemble that of most other 

cryptophytes in being subdivided into plate areas. However, scanning 

electron microscopy of whole mount preparations (Fig. 25A to 25E) failed 

to reveal any external evidence of the presence of periplast plates. In 

these examples the cell surface, appaxently lacking rigidity, appears 

to have collapsed against the internal components of the cell, revealing 

the rounded outlines of the numerous starch g-cains but without any 

indication of the boundaries of plates underlying the plasmalemma. 

Around the cells discharged trichocysts are present in abundance (Fig. 

25A9 25D & 25E). Tiny holes visible on the surface of the cells (Fig. 

25A & 25E) possibly represent the exit pores for the discharged 

trichocysts. The random distribution of these tiny pores would appear 

to indicate that the peripheral trichocysts lack arrangement in a regular 

pattern, further supporting the proposal that the periplast of Chilomonas 

is not structured in distinct plate areas. 

Cyathamonas truncata 

The strain of 
_Cyathamonas 

reported to have been used in previous 
nT: 7" J-, 

investigations (Mignot, 1965; Mignot 
-et 

al., 1968; Schuster, 1968) 

listed as number 982/1 by the Cambridge Culture Collection of Algae and 

Protozoa, is the same numbered strain obtained for this study. Cyathamonas 

is a difficult flagellate to keep in culture and during April 1979 the 
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culture of Cyathamonas kept at the Cambridge Culture Collection died out. 

Although the strain was eventually re-cultured in the Culture Collection, 

retaining its original listing number (982/1), sections showed thin 

elongated profiles (Fig. 26 to 34), displaying in some a bifurcated 

posterior end (Fig. 33), very different shapes from the smooth oval 

profiles usual in cells of the original culture (Fig. 45 & 70). However, 

apart from the difference in cell shape, and the a: bsence in the elongated 

strain of crescentic arrays of small peripheral trichocysts, commonly 

found in sections of original material (Fig. 50), the two strains appear 

identical in other aspects dealt with in this study. 

The cells are very small, having a maxiroun length of about 4 ýIm- 

Longitudinal sections of the elongated strain (Fig. 26 to 34) reveal 

many features not characteristic of Cryptophyceae. The vestibule complex 

at the anterior end of the cell displays in some sections a tri-partite 

appearance (Fig. 36 to 39) showing the flagella to be inserted in the 

base of the anterior depression, rather than in the dorsal or ventral 

side of the gullet. The cytophary= (Mignot et al., 1968) of Cyathamonas 

extends deeply into the cell (Fig. 29 & 30). Its proposed function for 

the ingestion of bacteria (Mignot, 1965)v although unsubstantiated, is 

supported by the presence of large vesicles situated at the posterior 

end of the cell which contain either bacteria (Fig. 43 to 46) or small 

eukaryote cells (Fig. 48) in various stages of digestion. The brush of 

hairs positioned around the anterior lip of the pharyngeal depression 

(Fig. 41 & 42) could possibly aid in the intake of bacteria (Mignot et al. p 
1968). Although stages of phagocytosis of bacteria via the cytopharp\'X 

were not observedq evidence for intake of bacteria at any other point on 

the cell was not obtained in the many sections examined. 
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Longitudinal sections of cells reveal the flagellar bases to be 

associated with complexes of microtubules which extend downwards into 

the cell in the form of a short rhizoplast (Fig. 37, arrow) and upwards 

into the surrounding wall of the cytophax-jngeal depression (Fig. 369 38 

& 39, arrows). In the absence of a fibrous band underlying the gullet 

region, as in Cryptomonas (see Palmelloid/Cyst chapter, Fig. 11) and 

Chilomonas (Fig. 7)9 the pharyngeal microtubules, although structurally 

less specialisedo probably have a similar supportive role. Also absent 

are the striated rootlets which are typically associated with the 

flagellar bases in other cryptophytes. 

Longitudinal sections of flagella revealed that both distal and 

proximal septa seem to extend across the total width of the flagella 

(Fig. 36 & 39) and the accompanying external constriction of the flagella 

membrane seems to include both septa, whereas in Chilomonas only the 

distal septum extends across the width of the flagella, and the constriction 

of the. flagella membrane occurs at this septum only (Fig. 6& 8). 

Sections also reveal that the internal components of Cyathamonas 

and their organisation differ in important respects from those of other 

cryptophytes. The cytoplasm includes patches of translucent material 

(Fig- 47 & 49) giving a characteristic non-homogeneous appearance. These 

sub-spherical regions of lightly"staining material, not enclosed within 

membranes have been compared by Mignot et al. (1968) to the glycogen 

found in certain amoebo-flagellates. This material possibly represents 

a product of bacterial break-down retained by the cell perhaps as a storage 

material in the absence of any apparent starch reserves or lipid deposits* 

The single anterior Golgi body and the peripherally positioned 

mitochondria and trichocysts are the only internal components similar in 

appearance and location to those typically characteristic of the 

Cryptophyoeae. Absent are any structures that might be considered 
I 
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representative of remnants of the periplastidial sac or plastids. Also 

absent is the nucleomorph or any structure that might remotely resemble 

a remnant nucleomorph. A diagramatic representation of Cyathamonas 

(Fig- 76) shows the lack of compaxtmentation in the cell organisation 

compared with that diagram tically interpreted for other cryptophytes 

(Fig. 73 to 75). 

The trichocysts have been described in great detail (Mignot, 

1965; Schuster, 1968) and reported to be similar to those in other 

cryptophytes except that the minor inner coils of the trichocysts were thougb 

extremely small and difficult to characterise in detail (11ignoto 1965). 

Observations in this study confirm. that the trichocysts are similar in 

structure to those in other cryptophytes, but contrary to the findings 

of Mignot (1965) the small minor coils are clearly visible and comparable 

in size to those in trichocysts of other cryptophytes (Fig. 51). 

Trichocysts occur, as is usual in cryptophytes, in two categories of 

size but the arrangement of the large and small trichocysts is different 

from that found in other species. In Cyathamonas only a few large 

trichocysts are present; these are situated in the anterior end of the 

cell (Fig. 39P 43 & 44) and are not aligned in rows along the gullet. 

The small peripheral trichocysts, commonly found in sections positioned 

one behind the other (Fig. 50 & 51), have a distinctive arrangement 

in longitudinal rows described below in further detail. Longitudinal 

sections of the ovoid strain of Cyathamonas also disclose a crescentic 

a=ay of small trichocysts positioned mid-cell (Fig. 50). 

The cell coveringg described as a smooth, simple membrane 

(Mignot et al., 1968) appears to be composed of an outer thin layer 

with the character of a plasmamembrane and an inner densely-stained 

layer (Fig. 47 & 47A). There is no evidence of periplast plates or of 



424 

poresp features typical of pigmented cryptophytes, in the layer under- 

lying the plasmammembrane (Fig. 51). 

The periplast exhibits the unusual feature of being easily shed 

from the cell. Whole mount preparations frequently displayed individual 

cells bearing a translucent sac-like attachment (Fig. 52 & 53)- close 

examination revealed these sac-like structures to be the entire cell 

covering, having slipped off the cell and carried with it the trichocyst 

vesicles and some other cell components (Fig. 54 & 55). The loss of 

the cell covering possibly occurs during whole mount preparations when 

surface tension is likely to impose disruptive forces on the cells as 

the suspending water dried off. The pliable strength and cohesion of 

the cell covering is apparent in the retention of its original shape and ;n 

the integrity of the membrane remaining as a complete unit when shed. 

The sloughed-off cell coats, when negatively stained with 21/6 

uranyl acetate, reveal the existence of a connecting link between the 

trichocyst vesicles (Fig. 56 & 60). Individual vesicles comprising a 

row of peripheral trichocysts appear joined together (Fig. 56 & 60) 

by an interconnecting thread, which in some whole mount preparations 

resembles a coil (Fig. 57 & 58), and in thin sections appear as a band, 

or thread, of material connecting the membranes of adjacent vesicles 

(Fig. 59). The exact significance of this interconnection between the 

trichocyst vesicles is unknown and has not been reported to occur in 

other cryptophytes. A suggestion concerning the function of the 

connecting thread is the possibility that it might be involved in the 

mechanics of trichocyst discharge, perhaps effecting a synchronised or 

chain-release of successive trichocysts in a row. Examination of the 

trichocyst vesicles in these preparations (Fig. 61 to 63) shows them to 

be sub-spherical structuresq each with a small roundish apertLxre having 

an estimated diameter of 400 nm., and seemingly closed by a plug of 

material (Fig. 61 & 62, arrows). These apertures in the trichocyst 
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vesicles most likely represent the exit hole through which the 

discharging trichocysts emerge. It is difficult to ascertain the 

presence of undischarged, trichocysts within the vesicle (Pig. 61 & 62), 

however it seems likely that the vesicleswould appear collapsedo not 

rounded if they were empty. 

Scanning electron microscopy (SEM) of Cyathamonas (Fig. 64 to 

69) revealed the rows of trichocysts to extend the length of the cell in 

parallel fashion, but curving to meet at the posterior end of the cell 

(Fig. 64). The puckering effect occurring in the cell membrane around 

each trichocyst pore might suggest the presence of a more rigid material 

surrounding each pore. Although no specialised supportive structure 

was observed in thin sections it is clearly apparent that the trichocyst 

vesicles are inevitably in contact with, or even adherent to, the 

periplast layer around the ma gins of the trichocyst pores. The retention 

of the cell shape after preparation for SEM, particularly when compared 

to the collapsed appearance of the. Ch-ilomonas, cells (Fig. 25A to 25E), 

suggests that Cyathamonas may possess a relatively rigid type of periplast 

layer under the plasmamembrane. If presentq this layer would extend the 

length of the cell possibly as long plate-like panels separated by the 

rows of linked trichocysts. 

Air dried preparations viewed in the SEM (Fig. 70 & 71) were 

only slightly more collapsed than those prepared by critical point 

drying (CPD) and were easier to examine as the number of cells lost in 

preparation was nothing compared to that incurred during CPD preparations. 

Gold shadowedt air dried whole mounts examined in the TEM (Fig. 72) also 

show the pattern of parallel grooves scoring the cell lengthwise. The 

single cross-groove marking (Fig. 71 & 72, arrows) is thought to be the 

external presentation of the crescentic array of peripheral trichocysts 

noted earlier in Fig. 50. 

The flagella of Cyathomonas truncata, examined in whole mount 
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preparationsg display a single rank of stiff curved hairsq most probably 

tubular mastigonemes (TK) similar to those described for other 

cryptophytes by Bouck (197: 2), attached along the lower two-thirds of 

each flagella (Fi. g. 717 to 81). Previous reports (Mignot, 1965; Mignot 

et al., 1968) noting the lack of mastigonemes on the flagella of 

Cyathamonas, are readily accepted because mastigonemes are frequently 

lost from one (Fig. 82) or both flagella during the whole mount 

preparationst or they can become entangled in the long filamentous non- 

tubular mastigonemes (NTK) which completely cover both flagella (Fig. 78P 

79 & 80). Among other Cryptophyceae examined only the flagella of 

Chroomonas salina appear to possess comparable long filamentous NTM 

(Fig. 85 & 86), which frequently display in whole mounts the tendency to 

become stuck together giving the flagella tips a club-shaped appearance 

(Fig. 85). 

A comparison of the flagellar appendages in Cyathamonas truncata 

and other cryptophytes (Fig- 89 to 94) shows the wide variation in 

arrangement and dimensions of the tubular and non-tubular mastigonemes 

in different genera. The single rank of IM found to be present on each 

flagellum of Chilomonas paramecium (Fig- 83 & 90), although not 

characteristic of the Cryptophyceae, is similar to the arrangement of TK 

observed . 
in Cyathamonas truncata. Howeverg the M of. Chilomonas. are 

longer than those of Cyathamonas, not curvedo and support a single 

terminal filament (TF) each. Other cryptophytes examined incluaing 

cryptomonas 58 (Fig. 84 & 89), Plagioselmis Punctata (Fig. 87 & 94)t 

and Hemiselmis rufescens (Fig. 88 & 92) appear to Possess a double rank 

of TM on one flagellum and a single rank on the other. The latter two 

species also display NTM over the surface of each flagella. In contrast,, 

Chroomonas salina (Fig. 85 & 93) seems to have a double rank of TM on 

one flagellum onlyq while the other flagellum seemingly lacks TM9 in 

agreement with observations by Butcher (1967). However, a single rank 

of TK, could easily become entangled and obscured by the long NTM 
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described above. 

DISCUSSION 

In comparison with pigmented cryptophytes the colourless genus 

Chilomonas -paramecium appears similax in all essential features of 

cell organisation and function including the production of starch within 

the periplastidial compartment. Determining the number of periplastidial 

compartments present in an individual Chilomonas cell was hampererl. " by 

the irregulax and complicated boundaries of the compaxtments and the 

presence of numerous/ large starch grains lying close tojor in contact 

with, the limiting membranes. Howeverp examination of many sections 

showed that only one or two nucleomorphs can be presentv and the location 

of the nucleomorphs indicates the presence of two periplastidial 

compaxtments as in Cryptomonas, each compartment containing a leucoplast 

and a nucleomorph. 

Previous reports of Chilomonas contain illustrations of the 

nucleomorph (Joyon, 1963, Plate 5; Sepsenwolp 1973, Plate 6) mistakenly 

identified as the leucoplastp thus accounting for discrepancies between 

those accounts and the observations made in this study concerning the 

general shape and appearance of the leucoplast. When not distorted by 

the starch grainsv the leucoplast appears to be a long thin body with a 

pale staining ground matrix inside its double membrane envelope. Although 

plastoglobuli are reported to be present in most chloroplastsl etioplastst 

proplastids and leucoplasts (Greenwood et al., 1963; Lichtenthaler, 

1908) the apparent absence of lipid drops in all sections examined would 

appear to indicate that the Chilomonas leucoplast has lost the ability 

to store, or perhaps to synthesiset lipids in accordance perhaps with the 

genetic loss of pigmentation and photosynthetic capability. The small 

densely staining particles found in the leucoplast resemble phytoferritin 

particles which are co=only found in 4edifferentiating 
plastids or senescing 
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chloroplasts (Robards and Robinsong 1968; Robaxcls, 1970) either in 

paracrystalline arrays or clusters. 

The appearance of the nucleomorph in Chilomonas, accompanying the 

leucoplast in the periplastidial compartment is consistent with its 

regular association with the plastids in pigmented cryptophytes. Its 

morphology and method of division, involving the alignment and duplication 

of CNM particles, would seem to indicate thatdespite the atrophy of the 

plastid lamella and pyrenoids in. Chilomonas,, it remains functionally active 

in the periplastidial compartment. 

Features of Chilomonas, which are not characteristic of pigmented 

cryptophytes in general are the presence of a rhizoplast extending the 

total length of the cell and a less than normally rigid periplast -which 

seemingly lack-S the typical periplast plates. Thin sections of the 

periplast show the presence of a layer of the standard type periplast 

underlying the plasTan-Toembrane, but scanning electron microscopy of whole 

cells does not show the outlines of underlying plates anywhere on the 

surface of the cell. The tendency for distortion of cell shape during 

preparation for SEM suggests the periplast lacks rigidity in comparison 

with other cryptophytes - possepsing . distinct plate areas. Possibly 

the long rhizoplast gives a compensating measure of support. 

, In contrast, the colourless cryptophyte Cyathamonas tr=cata 

differs greatly from Chilomonas, and all other described cryptophytest 

in cell organisation and mode of nutrition. Although lergastoplasmic' 

vesicles filled with filamentous material were previously thought (Mignotv 

1965) to represent the periplastidial sac containing remnants of the plastids, 

it seems most likely from their appearance and in light of the evidence 

that Cyathamonas possesses flagellar mastigonemeso that these vesicles 

in Cyathamonas are in fact ER vesicles containing developing mastigonemes. 

No structures were found in this study that could be identified as remnants 

of a periplastidial compartment, plastidso or nucleomorph. 
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The mode of nutrition in Cyathamonas appaxently involving 

phagocytosis of bacteria and small eukaryotes, and the storage of food 

reserves resembling glycogeng in the total absence of starch, does not 

occur in other known forms of Cryptophyceae. In fact the majority of 

features in Cyathamonas, including the bacteria-filled phagocytic 

vesiclesy the lack of internal compartmentation, the un-homogeneous 

cytoplasm containing globules of glycogen are all totally uncharacteristic 

of the Cryptophyceae. In comparing the two colourless cryptophytes 

Cyathamonas and Chilomonas it was apparent that,, apart from a remote 

comparability of flagellar appendages and periplast structuxe, the only 

features similar in both are the structure and location of the mitochondria 

and the structure of the trichocysts; the trichocysts being the 

essentially redeeming cryptophyte feature of Cyathamonas. 

The trichocysts of Cyathamonas, although identical in structure 

to those in other cryp4hytes (Mignot, 1965; Mignot 
-et al., 1968; 

Schuster, 1968) are distinctively arranged in a pattern not found 

in any other genera. The peripheral trichocysts of Cyathamonas are 

sited relatively close together in rows that run longitudinally the 

length of the cell and the trichocyst vesicles in each row are seemingly 

linked together contrasting with the strategic positioning of trichocysts5 

paired in relation to the periplast platesgin other cryptophytes. The 

discovery of this very different arrangement of trichocysts in Cyathamonas 

may indicate that Cyathamonas has long evolved along separate lines from 

other Cryptophyceae. 

Although periplast plates were thought to be absent in Cyathanonas 

(Mignot et al., 1968) there is aipossibility that alliable but firm 

layer, perhaps homolc)jous with that of periplast plates, is present in 

the external covering of the cell. This material possibly extends in 

sections from the anterior to the posterior ends of the cell between the 

rows of trichocysts. In comparison Chilomonas, apparently lacking any 
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sectional boundaries in the periplastp has its small trichocysts 

distributed randomly over the periphery of the cell. 

Both Cyathamonas and Chilomonas appear to possess a single 

rank of tubular mastigonemes which might be considered a similarity 
of 

of some significance, but a general survey of the arrangementjtubular 

mastigonemes among the cryptophytes revealed so wide a range of 

variations that this featL=e cannot be considered a criterion of close 

affinity. 

In concluding the comparison of Cyathamonas and Chilomonas 

consideration must be given to their colourless state. The presence of 

the plastid remnant, the leucoplast, is sufficient evidence to consider 

that the nature of Chilomonas is that of a colourless secondary 

* heterotrophe that has lost little more than the special equipment in 

the-plastids required for photosynthesis. Cyathamonas, lacking any 

evidence of a plastid remnant and also lacking starch, might be considered 

a primary heteratrophel ancestrally never having possessed plastids. Its 

phagotrophic nature2 otherwise foreign to the Cryptophyceae, suggests 

that Cyathamonas may in fact represent a very antique condition in this 

class, with the important impli cation that the pigmented forms have been 

derived from an aplastidic hete rotrophic stock. 

The proposal that the cytopharynx in Cyathamonas evolved out 

of the cryptophyte gullet (Mignot et al. ', 1968) would suggest that 

Cyathamonas should be regarded as a highly advanced form of Cryptophyceae. 

However, an alternative hypothesis is equally plausible. Recalling that 

Cyathamonas was observed to phagocytise small eukaryote cells, it is 

possible that an ancestral Cyathamonas-type flagellate could thus have 

adopted a chloroplast-containing endosymbiont. If this hypothetical 

event were followed by ensuing evolutionary developments such as loss 

of phagocytic nutrition, atrophy of the cytophary. 4m into a rudimentary 
I 
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gullet, acquisition of small periplast plates accompanied by the 

rearrangement of the trichocysts between the plates and the loss of 

the interconnecting links between ihe trichocyst vesicles, then it is 

possible that Cyathamonas might be an extant representative of the 

ancestral line of flagellates through which the Cryptophytes were 

derived by the acquisition of a phycAbilin-containing photosynthetic 

c-tkaryotic cell. Howeverv a considerable amount of speculation is 

involved in any attempts to plot evolutionary origins, and there are 

other alternative suggestions to explain the status of Cyathamonas, 

including the possibility that Cyathamonas is a secondary hetertroph even 

more substantially modified that Chilomonas. Also, it cannot be 

excluded that Cyathamonas may have no close affinity with the cryptophyte 

stock apart from possessing similar trichocysts. If this is so then the 

origin of the cryptophyte trichocysts is an enigma of considerable 

interest. Observations presented here underline the desirability of 

persuing this problem further since a resolution of the problem of the 
OT 

phylogeny]Cryptophyceae is a central issue in =ýrent theories of the 

origins and diversification of eukaryotic organisms. Further examination 

of Chilomonas, and Cyathamonas, particularly their methods of mitosis which 

have not previously been examined, apart from a brief report on mitosis 

in 
_Cyathanonas 

(Ivanaco 1925), would better determine the position of 

these two colourless organisms in relation to the phylogeny of the 

Cryptophyceae. 
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IEGENDS 

Fig. 1,2 

Longitudinal sections of a Chilomonas cell showing the 

internal organisation of the cell with the staxch filled 

periplastidial compartments extending the length of the cell, 

separated centrally by a band of microtubules, the rhizoplast 

(arrows). Nacleomorphs are located either at the posterior end 

of the cell (Fig. 1, arrow) or anterior to the nucleus (Fig. 3t 

arrow) in a central position. x 15POOO 

Fig. & 

Transverse sections of the flagellar bases and the rhizoplast 

(arrow). x 259000 

Fig. 

Serial longitudinal sections of flagella showing the flagellar 

bases. The proximal septum can be seen to extend across the 

width of the flagellum accompanied externally by a constriction 

of the flagellar membrane (arrows). A short distance below the 

proximal septum is the distal septum, which occupies only a 

small central position in the flagellum and is not accompanied 

externally by a constriction in the flagellar membrane. x 75,000 

Fig. 

A longitudinal section through the gullet and flagella of a cell 

showing the fibrous band (arrow) underlying the gullet 

plasmamembrane and the rows of large trichocysts lining the 

giallet. x 24Y500 

Fig. 

A longitudinal section through a flagellar base showing 

the accompanying striated rootlet. x 759000 
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Fig. 10 

A longitudinal section through both flagellar bases showing 

each to be associated with a striated rootlet. x 50POOO 

Fig. 

A glancing section through the striated fibrous band observed 

in Fig. 11 to underlie the plasmamembrame of the gullet. 

x 50,000 
Fig. 12 

A section of a cell showing the membranes of periplastidial 

compartment (arrow) within which is contained a matrix with ribosomesy 

starch grains, and the nucleomorph (UM). x 60,000 

Fig. 13,14 & 15 

Sections of Chilomonas nucleomorphs showing the paracrystalline 

arrangement of the CNM particles which occurs during nucleomorph 

division. The individual CNK particles in the formation are 

connected by fine threads to six others in a hexagonal arrangement. 

x 87,000 

Fig. 16 

A longitudinal section of. a cell showing what appears to be 

two starch filled periplastidial compartments positioned on 

either side of the nucleus and seemingly separated by the 

centrally sited rhizoplast. A section of the leucoplast (LU) 

is only just visible beside a starch grain (arrow). The starch 

grains are frequently so numerous that they are s: = ounded by 

a very thin band of matrix. 

Fig. 16A 

A section showing a starch grain surrounded by a thin band 

of matrix. x 120,000 
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Fig. 17 

A glancing section of the rhizoplast showing the lateral 

interconnections between the microtubules in the band to appear 

as a striated cross-banding. x 50,000 

Fig. 18 & 18A 

Longitudinal and transverse sections of the leucoplast clearly 

showing the paired membranea of the envelope lying in close 

apposition, on both sides of the leucoplastto the membranes 

of the periplastidial compartment. A compositr-profile of 

the leucoplast derived from these two sections would p3ýaduae a long, 

thin, rod-shaped body. x 1509000 

Fig. 19 & 20 

Serial sections of the leucoplast showing its long thin profile 

lying in what appears to be a very compressed periplastidial, com- 

partment. x 25,000 

Fig. 21t 22 & 23 

Sections of a leucoplast enlarged to show the double membrane 

envelope lying close to the membranes of the periplastidial 

compartment. The pale-staining ground material of the leucoplast 

contains ribosomes of similar size to those in the surrounding 

periplastidial matrix. In these leucoplast sections there is no 

evidence of remnant thylA. koidst pyrenoids or lipid reserves. 

x 900000 

Fig* 24 

A section of a leucoplast (LU) containing densely-staining 

particles (arrow) which could Possibly be phytoferritin. x 43t750 

Fig. 25 

An enlargement of the densely-staining phytoferritin-like cluster 

of particles in Fig. 24. x 90,000 
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Fig. 25A 

S. E. M. of critical point dried (CPD) whole mount preparation 

of Chilomonas showing the periplast to be visably collapsed 

against the starch grains and other cell components. The 

numerous discharged trichocysts scattered on the support film 

most likely emerged from the numerous tiny pores randomly 

distributed over týe surface of the cell. The lack of any 

discernable ordered arrangement in the poses suggests a total 

lack of arrangement in the positioning of the peripheral 

trichocysts. x 15,000 

Fig. 25B 

A S. E. N. of a CPT whole mount preparation revealing the total 

lack of any outlines of underlying periplast plates. The 

collapsed cell covering appears as a smooth skin lacking any 

form of rigid support. x 22,000 

Fig. 25C 

S. E. M. of CPD whole mount preparation of a different. Chilomonas, 

cell from Fig. 25A showing the periplast to have collapsed 

against the starch grains and other cell components. x 15,000 

Fig. 25D 

An enlargement of an area of the cell in Fig. 25C showing the 

smooth appearance of the collapsed cell covering lacking 

the rectangular or hexaýgonal patterns characteristically 

outlined by the periplast plates in comparable preparations of 

most other cryptophytes. x 25POOO 

Fig. 25E 

S. E. M. of CPD whole mount preparation showing the random 

arrangement of tiny pores on the cell surface from which the 

numerous discharged trichocysts presumably have emerged. 

x 43,750 
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Fig. 26 to 34 

Fig. 35 

Fig. 36 

Fig. 37 

Fig. 38 

Various longitudinal sections of the elongated strain of 

Cyathanonas truncata showing the different aspects of cell 

profiles and the complicated arrangement of the anterior 

depression in which the flagella are inserted. The cytophar. ynx 

extends deep into the cell from the area of the anterior 

depression (Fig. 29 & 30, arrows). x 12P500 

A longitudinal section through the flagella of a Cyathamonas 

cell. Arrows indicate a constriction in the flagellar membrane 

which appears to occur at points where both the distal, and proximal 

septa extend the width of the flagella. x 909000 

A longitudinal section through flagellar bases showing 

associated microtubules (MT, arTow)- A small arrow indicates 

the distal septum which extends completely across the flagellum. 

A large arrow indicates the cYtopha=. ynx extending into the cell. 

X q0tooo 

A longitudinal section through the flagella bases showing 

microtubules extending (arrow) into the cell as a short 

rhizoplast. 

A longitudinal section through the flagellar bases showing 

accessory microtubu-les (arrows). x 90,000 

Fig. 39 & 40 

Longitudinal sections thxough the flagella of Cyathamonas 

showing the proximal and distal septa (arrows) both 

extending across the width of the flagella. Many microtubules 

(mT, arrows) are associated with the flagellar bases. The 

solitary large trichocyst Positioned in the base of the anterior 
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depression (Fig. 39) contrasts with the rows of large 

trichocysts seen in Fig. 7 'lining the gullet of Chilomonas. 

x 909000 

Fig. 41 & 42 

Sections of the anterior depression of Cyathamonas showing a 

fringe of hairs (arrows) lining the lip of the entrance 

of the cytopharynx. x 90,000 

Fig. 43 & 44 

Sections of the ovoid strain of Cyathamonas truncata showing 

several phagocytic vesicles in the posterior region of the cell 

containing partially digested bacteria. A single Golgi body 

is found in the anterior end of the cell just below several large 

trichocysts. Distributed around the periphery of the cell are 

the elongate profiles of the mitochondria with their 

characteristically cryptophyte finger-like cristae. x 25POOO 

Fig. 45 & 46 

Sections of Cyathamonas cells showing phagocytic vesicles 

containing a partially digested bacteria. In both sections 

show small ER vesicles (arrows) outlined with ribosomes 

containing a densely-staining material. x 28,000 

Fig. 47 

A longitudinal section of a Cyathamonas cell showing the patchy 

non-homogeneous appearance of the cytoplasm with its lightly- 

staining globular areas of a gly-cogen-like material (GLY). 

x 459000 

Fig. 47A 

An enlargement of Fig. 47 showing the periplast to have an 

outer pale-staining layer and an inner densely-staining layer. 

x 105POOO 
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Fig. 48 

A section of a Cyathamonas cell showing a phagocytic vesicle 

containing what appears to be a partially digested small eukaryote 

cell. An arrow points to the probable remains of plastid 

thylakoids. x 60,000 

Fig. 49 

A section of a Cyathanonas cell showing portion of a cell which 

apparently contains nothing but the patchy-appearing non- 

homogeneous cytoplasm with translucent sub-spherical areas of 

glycogen-like material (GLY). Open arrows point to small areas 

of a fibrous-appearing material. x 60,000 

Fig. 50 

A section of a Cyathamonas cell showing the arrangement of the 

peripheral trichocysts in a row and in a crescentic formation. 

x 409000 

Fig. 51 

An enlargement of a section showing the peripheral trichocysts 

arranged in a row. The major and minor components of these 

trichocysts are clearly visible. x 60,000 

Fig. 51A 

A section showing trichocyst vesicles in p ckets of ER adorned 

with ribosomes. x 60,000 

Fig. 52 & 53. 

Air dried whole mount preparations of cells showing the.. cell 

coverings in the process of slipping off the posterior end 

of the cells. x 159000 
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Fig. 54 & 55 

Negatively-stained whole mount preparations of sloughed-off 

cell coverings of Cyathamonas. The numerous small spherical 

bodies axe trichocyst vesicles which were carried from the 

cell along with other cell components. x 12P500 

Fig. 56 

A negatively-stained whole mount preparation of a sloughed- 

off cell covering showing the trichocyst vesicles as small 

spherical bodies containing a small dark globule. A row of 

trichocysts appears have a thread interlinking the individual 

vesicles. x 20pOOO 

Fig. 57 & 58 

fiegatively-stained whole mount-preparations of trichocyst. 

vasiol es showing the material connecting two trichocyst 

vesicles to have the appearance of a coiled thread. x 160,000 

Fig. 59 

A thin section through the material linking two trichocyst 

vesicles revealing its attachment to the membranes of the 

vesicles. x 160,000 

rig. 6o 

An enlargement of the row of linked trichocysts in Fig. 509 

showing the thread-like interconnecting material. x 1239000 

Fig. 61 & 62 

Enlargementsaftrichocyst vesicles in negatively stained whole mount 

preparations of sloughed-off cell coverings. The spherical 

trichocyst vesicles each possess a roundish aperture (arrows) 

which appears to be closed by a plug of material. x 150,000 
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Fig. 63 

Trichocyst vesicles similar to those in Fig. 61 & 62 but 

at a lower magnification to show their arrangement in rows. 

90,000 

Fig. 64 

S. E. M. of critical point dried whole mount preparation of a 

Cyathamonas cell showing the parallel rows of trichocyst pores 

extending the length of the cell and curving across the posterior 

end of the cell. x 16,000 

Fig. 65 

An enlargement of Fig. 65 showing the parallel rows of trichocyst 

pores. The periplast around each pore appears to have a puckered 

appearance, Outlines of periplast plates are not visible on the 

surface of the cell. x 309000 

Fig. 66 to 68 

S. E. M. of CPD whole mount preparations showing the pattern of 

the parallel rows of trichocysts. x 12t5OO 

Fig. 69 

An enlargement of Fig. 68 showing material, possibly trichocysts, 

about to emerge from pores. x 200000 

Fig. 70 

S. E. M. of air dried whole mount preparations of Cyathamonas 

grooves. x 12,500 

Fig. 71 

S. E. M. of air dried whole mount preparation showing the position 

of the rows of trichocysts. x 20,000 
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Fig. 72 

An air dried, gold shadowed, whole mount preparation of a 

Cyathamonas cell viewed in the T. E. M. The parallel rows are 

represented by deep grooves on the surface of the cell. An 

arrow pointsIc a solitary cross-groove which might represent 

the cresentic array of peripheral trichocysts. x 20,000 

Fig. 77 

A whole mount pr eparation of Cyathamonas showing the flagella 

each to possess a single rank of tubular mastigonemes (TM). 

Fig. 78 & 79 

Enlargements of the flagella in Fig. 77 showing the single 

rank of tubular mastigonemes on each, plus numerous long 

filamentous non-tubular mastigonemes. x 45,000 

Fig. 80 

A whole mount preparation of a Cyathamonas flagellum showing 

the stiff curved TM which typically extend up only 2 of the 

length of the flagella. Both flagella are covered in long 

filamentous non-tubular mastigonemes (NTM). 

Fig. 81 

An enlargement of Fig. 80 showing the stiff curved TM which are 

found on both flagella. x 60,000 

Fig. 82 

A whole mount preparation of a Cyathamonas cell showing TM 

to be present on only one flagellum, apparently having been 

lost from the second. x 18,750 

Fig. 83 

Whole mount of Chilomonas cell showing a single rank of TM on 

each flagellum. NTM appear to be absent and each TH supports 

a single terminal filament. x 159000 
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Pig. 84 

A whole mount preparation of a Cryptomonas cell showing one 

flagellum to possess a double rank of long TK and a single 

rank of shorter TM on the second. NTK appear to be absent from 

the flagella, but the TK support two terminal filaments each. 

x MOO 

Fig. 85 

A whole mount preparation of Chroomonas salina showing one 

flagellunto possess a double rank of TK while the second 

flagellimappears to lack TM. Both flagella are covered in a fux 

of long TM. x 79500 

rig. 86 

An enlargement of a Chroomonas flagellAntip in u negatively 

stained whole mount preparation. The numerous NTn frequently 

clump together giving the flagella tips a club-shaped appearance. 

x 6o, ooo 

Fig. 87 

A whole mount preparation of an exploded Plagioselmis -ounctata 

cell showing the Itaill (T). One flagella (F 
2) has a double 

ra. nk of TM and the other flagella (Fl) has a single rank. 

Single terminal filaments extend from the TK and both flagella 

are covered with short NTM. x 12,300 

Fig. 88 

A whole mount preparation of Hemiselmis rufescens showing one 

flagella (F 
2) to possess a double rank of TM and the second 

flagella (Fl) to possess a single rank. Terminal filaments are 

present on the TM and both flagella are covered with short NTM- 

12P300 
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CryptomonasZS Chilomones paramecium Cyathenionas trunceta 

HeHiselnis rufe scens Chroomones splina 

U4 

Plegioselmis punctata 

KEY: tubular fficstigonemes 

-non tubLdor mastigonernes OR 
terTninol filaments 0 IR 

Figs. 89 - 94: Diagramatic renresentation of flagella and flagellar 
aDpendages in six different crypt I-onkytes. 
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CHAPTER V 

PLAGIOSELMIS PUNCTATA 

Introduction 

-Apart from two brief reports (Butcher, 1967; Lucas, 1970) MY 

there have been no detailed investigations of Plagioselmis. Its 

prominently positioned nucleomorph was an ideal subject for chemical 

tests on thin sections (see Nucleomorph chapter) and the many sections 

of Plagioselmis examined in these investigations revealed also 

structural features not previously described which were considered 

interesting enough to warrant the inclusion of Plagioselmis in this 

thesis. 

Observations 

Plagioselmis -punctata is a small cellp about 4 gm. long with a 
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tapering posterior end which gives the cell the appearance of possessing 

a tadpole-like 'tail' (Fig. 1& 2). The inte=al compartmentation is 

similar to that found in other pigmented-Cz-jptophyceae (see Chilomonas/ 

Cy4thamonas chapter, (Fig. 73 & 75) having a periplastidial compartment 

containing within it the plastid, starch grains and the nucleomorph, all 

contained in a &anular matrix. Longitudinal sections of cells show a 

single cup-shaped plastid partially surrounding the centrally positioned 

nucleus (Fig. 1v 3P 49 5,7 & 8). A starch-capped pyrenoid projects 

from the plastid towards the interior of the cell (Fig. 4) and situated 

beside it in the periplastidial matrix is a single nucleomorph. 

The nucleomorph is commonly found closely appressed to the nucleus 

(Fig. 6,7 & 8) and in many sections it appears that the nucleus is 

held in contact with the outer membrane of the periplastidial compartment 

in the region of the nucleomorph. The membranes of the nuclearenvelope 
I 

and the periplastidial compartment are frequently found pressed against 
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the paired membranes of the nucleomorph envelope (Fig. 6&8, arrows). 

In this zone of contact the membranes have the appearance of being 

more densely stained than elsewhere in the section. Tilting of sections 

in the goniometer stage of the Philips 301G electron microscope (see 

Nuoleomorph chapter, Fig. 64 to 68) revealed no evidence of an open 

interconnection between the lumen of the nuclear envelope and that of 

the nucleomorphr as appeared to be a possibility in Hemiselmis rufescens 

(Greenwood, 1974). 

Sections of cells reveal that the flagella are inserted in a 

small anterior depression (Fig. 2& 6), in agreement with previous 

observations by Butcher (1967). Situated beside the flagellar bases 

are striated flagellar rootlets (Fig. 2& 9) and, a cluster of small 

densely-staining particles (Fig. 6) which might represent a stigma, 

although a stigma has not been previously described for Plagioselmis. 

Contrary to previous descriptions (Butcher, 1967) longitudinalý 

sections of cells show that the small anterior depression opens into a 

deeply penetrating invagination, the gullet, which is located in the 

oppositel i. e. dorsal, side of the cell from the point of flagella 

insertion (Fig. 9y 10 & 11). This cavity extends throughout the length 

I of the cell and descends for a short distance into the 'tail' (pig. 10). 

on one side of the invagination, underlying the plasma membrane, is a 

thick band of densely-staining material (Fig. 10,11,12, arrows), 

possibly similar to the fibrous band underlying the gullet plasma- 

membrane in species of Cryptomonas. (see Palmelloid/Cyst chapter, Fig. 11) 

and Chilomonas (see Chilomonas/Cyathamonas chapter, Fig. 7). The band 

of material extends beyond the cavity of the gullet along the length 

of the Itailt (Fig. 10 & 11 ) acting probably as a support structure 

for the latter, and will be referred to as the ttail support' or TS. 

Rows of large trichocysts located along the gullet extend deep 

into the cell, as far as the beginning of the 'tail' (Fig. 12). Small 

trichocysts are found around the periphery of the cello positioned 
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between the periplast plates. In the 'tail' regionp the arrangement 

of the peripheral trichocysts differs from elsewhere in the cell 

because the periplast plates in this region are about one-third the 

size of those on the Tnain body of the cell (Fig. 7& 15). This smaller 

plate size in the 'tail' allows the trichocysts to be positioned closer 

together displaying iyý longitudinal sections an alignment in rows 

along the length of the 'tail' (Fig. 2& 11). Transverse sections of 

the 'tail' (Fig. 16 & 17) show the trichocysts situated in close 

proximity to each other surrounding the centrally positioned mitochonclxiont 

and occupying most of the remaining space in the interior of the 'tail'. 

The plaamamembrane overlying the periplast plates appears in 

sections not to be a continuous structure, showing in places short 

over-lapping regions (Fig. 13 & 14), although this layered appearance 

may be merely peculiar sectional aspects of local undulations in a 

continuous membrane. Over-lapping scales (S) are clearly found over the 

area delimited by each periplast plateg except in the ? tail' where 

corresponding to the smaller plate size, there is one scale per plate 

(Fig. 15 & 17). 

The pýofile of the cell in longitudinal section displays regular 

saw-toothed indentations marking the margins of each periplast plate 

(Fig. 14). The constant shape and orientation of the steps thus formed 

in relations to the long axis of the cell assists in the interpretation 

of planes of section. This toothed outline was also observed in 

scanning electron micrographs of whole cells (Fig. 19 & 20), although 

whether it exists in nature or is merely an artefact resulting from 

shrinkage of the specimens during fixation or subsequent preparations 

is not known. Scanning electron microscopy also shows the periplast 

plates to be clearly outlined on the cell surface as hexagons (Fig. 

19 & 20), arranged in a hcnaycomb pattern similar to that found in 

species of CI-TPtOmOnas (Santoreq 1975). In the SEM, most views of 
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the Itaill show the arrangement of the trichocysts to form a spiral 

pattern (Fig. 20, arrows) although trichocysts and periplast plates 

seem to be absent along the side of , of the 'tail' where 

the underlying 'tail' support is located (Fig. 18). 

. 
Discussion 

Observations made in this study reveal that Plagioselmis . 0unctata 

possesses features not reported in other cryptophytes including : over- 

lapping scales on the external surface of the cell and a tail-like 

structure which appears to be not merely a narrower extension of the 

body but a special structure having a band of supporting material (the 

TS) and periplast plates smaller than those found on the main body of 

the cell. 

Examination of any sections of Plagioselmis punctata revealed 

the gullet to extend far into the cell. Its narrowness and deep immersion 

in the protoplast would perhaps explain previous reports of the absence 

of a gullet in Plagloselmis (Butcher, 1967). The gullet of plazioselmis 

is similar to other cryptophyte gullets (e. g. Cm-yptomonas and Chilomorlas) 

in possessing the typical rows of large trichocysts lining the gullet 

cavity and a fibrous band on one side underlying the plas. mamembrane. 

However, the gullet lies on the side of the cell opposite to the site of 

flagella insertion, a situation which does not correspond to that 

reported for any other cryptophytes, including Cyathamonas (mignot 
-et -a1.0 

1968). This would suggest that the cellular torsion of Plagioselmi-S is 

different from that of other cryptophytes. 

A further interesting aspect of IL; j ýjoseLJýLs is the position 

of the nucleus, suspended in the centre Of the deeply cup-shaped plastid. 

Although almost completely surrounded by the plastidy the nucleus comes 

closely in contact with the periplastidial compartment only in the region 
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of the nucleomorph. The membranes along this region of contact 

appear to be more densely-staining than membranes elsewhere in the cell, 

suggesting the existence of some form of connection between the nucleus 

and nucleomorph. Howeverg tilting of sections (see Nucleomorph 

chapter, Fig. 64 to 68) showed that membranes in the area of contact 

were distinct and separate and gave no evidence of any open connections 

between the nucleomorph envelope and the lumen of the periplastidial 

cisterna. The staining density of the membranes in this area might be 

the result of a bonding substance for example comparable with that 

thought to occur between the interfacing membrane surfaces of paired 

thylakoids in chloroplasts (Coombs and Greenwood, 1976). 
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Legends 

Fig. 

A longitudinal section of a Plagioselmis cell showing the 

characteristic profile of the cell with the posterior region 

extended into a tail-like structure. The nucleus is suspended 

in the concavity of the single cup-shaped plastid. In the left- 

hand corner of the micrograph is a transverse section of the 'tail' 

region showing the central positioned mitochondria surrounded by 

small, peripheral trichocysts. x 189750 

Fig. 2 

A longitudinal section of a Plagioselmis, cell showing the flagella 

to be inserted into a small sub-apical depression (arrow). Near 

the flagellar bases is a striated flagellar rootlet (arrow). In 

the left-hand corner of the micrograph is a transverse section 

through the plastid. x 189750 

Fig. 

A longitudinal section of a cell showing the nucleomorph (NM) 

positioned centrally in the periplastidial matrix filling the 

concavity of the plastid adjacent to the nucleus. The profile of 

the cell has deep saw-toothed indentationsg the long side of each 

tooth marked by an underlying periplast plate inclined outwards 

so that the short step of each tooth faces towards the anterior 

end of the cell. x 189750 

Fig. 

A longitudinal section of a cell showing a starch capped 

pyrenoid, projected towards the nucleus. x 18,750 

Fig. 

An oblique longitudinal section of a cell showing profiles of the 

chloroplast apparently surrounding the nucleus on all sides. x 18P750 
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Fig. 

An oblique transverse section through the anterior end of a cell 

showing the insertion of the flagella to be in a shallow sub- 

apical depression. Near the flagella bases is a group of densely- 

staining paxticles which might represent a stigma (ST, arrow). 

The nucleomorph, (NM) is closely appressed to the nucleus and the 

membranes along the region of contact (arrow) between the nucleo- 

morph and nucleus appear to be more densely stained than membranes 

elsewhere in the cell. x 18,750 

Fig. 

A section of a cell showing rounded profiles of mitochondi7ia 

(M, a=ows) displaying the typically cryptophyte, flattened, 

finger-like cristae. 

Fig. 8 

An oblique longitudinal section of a cell showing the nucleus, 

suspended centrally in the cup-shaped plastid, to seem to come 

into contact with the periplastidial compartment (arrow) only 

in the region of the nucleomorph (IIM)- x 1SP750 

Fig. 

A longitudinal section through a flagellum showing two 

striated flagellar rootlets (FR9 arrow) associated with the 

flagellar bases. Part of the gullet, lying dorsally to the 

nucleus and flagellum, is lined on its dorsal side by a fibrous 

band (a=ow). x 159000 

Fig. 10 

A longitudinal section showing the gullet (GUL) to extend deeply 

into the cello its cavity appearing to project a short distance 

into the 'tail' in the fo= of a na=ow channel. The deeply- 

staining fibrous band which extends along the dorsal side of the 

gullet continues along the 'tail' as the 'tail support' (TS). 

Large trichocystst in rows lining the wider part of the gullet, 
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are found as deep in the cell as the beginning of the 'tail'. 

30,000 

Fig. 119 7v 12 

Longitudinal sections of cells showing further aspects of the 

giallet cavity deep in the cell with its dorsal fibrous band 

(a=ows) which extends into the 'tail'. x 18,750 

Pig. 

A seotion through the periplast showing the underlying trichocysts 

each pointing forwards. towards the short step of a tooth between 

the two successive periplast plates. On the external surface of 

the plasmamembrane three scales (S, arrow) are found covering 

the area delimited by each periplast plate and inclined in the 

same direction, each scale overlapping the base of the one in 

front of it. x 90,000 

Fig. 14 

An enlargement of the periplast in Fig. 13 showing short regions 

of the plasmamembrane apparently overlapped (arrows). Peripheral 

trichocysts are positioned between the periplast plates. x 160,000 

Fig. 15 

A longitudinal section of the ttailt showing the periplast 

plates in this region to be about one-third the size of those 

on the main body of the cell. A single scale is present above the 

area deliniated by these smaller plates as opposed to the three 

scales found over the larger plate areas. The small trichocysts 

in the 'tail' are positioned much closer together because of the 

smaller periplast plates. x 30,000 

Fig. 16 & 17 

Transverse sections through the 'tail' showing the relatively 

large mitochondria (M) surrounded by the peripheral trichocysts. 
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The typically flattened cristae are joined without constriction 

to the space between the limiting membranes (a=ows). x 42,500 

Fig. 18 

SEM of critical point dried whole mount preparation showing the 

general shape of the cell and the 'tail supportf (RS, arrow) 

extending along the length of the ttaill. x 180000 

Fig. 19 & 20 

SEM of critical point dried whole mount preparations showing the 

outlined of hexagonal shaped periplast plates arranged in a 

honeycomb pattern on the surface of the cells. The trichocyst 

pores (T) in the 'tail' show a spiral alig=ent (small arrow). 

Large arrows point to tooth-like indentations on the surface of 

the cell. x 18,000 
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