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1 December 1983 

EXTRACELLULAR CALCIFICATION IN 
C H R  FSOTILA L A M E L L O S A  (PRYMNESIOPHYCEAE) 

By J. C. GREEN and  P. A. COURSB 

Marine Biological Association of the United Kingdom, Citadel Hill, Plymouth PL1 2PB, 
England 

Extracellular calcification has been observed in two strains of Chrysotila lamellosa using 
both light and electron microscopy and differences between the structure of the calcification in 
each strain noted. It is considered that the morphology of such structures is not a sufficiently 
reliable character to be used alone in distinguishing between species, but may be useful in 
conjunction with other information. A comparison is made with extracellular calcification in 
other microorganisms and the significance of such calcification to our understanding of the 
nature of certain Cretaceous nanofossils is discussed. 

Mineralized bodies in cultures of Chrysotila lamellosa A n a n d  (Prymnesio-  
phyceae) have been reported briefly in  previous communica t ions  (Parke, 1971; 
Green & Parke, 1974, 1975) and  their resemblance to nanofossils  included in  
such genera as Tetralithus Garde t  (Gardet ,  1955) and  Marthasterites Deflandre 
(Deflandre, 1959) noted. More  recently, Gayral  & Billard (1977) reported the 
presence of similar bodies in  cultures of Chrysotila from Roscoff and, since 
then, we have recorded their development  in strains of'Chrysotila f rom non-  
mar ine  habitats.  It  became apparen t  that  there was some vari)ttion in the final 
form adopted by these structures and  observations using light and  electron 
microscopy have been made  in a n  at tempt  to assess the possible taxonomic  
significance of  such differences and  the impor tance  of  these structures in the 
elucidation of the origin and  na ture  of some Cretaceous nano-  and microfossils. 

M A T E R I A L S  A N D  M E T H O D S  

The strains of C. lamellosa (Plymouth Nos. 528, 529) used in this investigation were isolated 
from samples collected by Professor E. Tschermak-Woess from the Neusiedlersee, Austria, and 
sent to Plymouth in 1972. The clones were established from single non-motile cells and although 
the algae were from an inland habitat, they grew well and were maintained in a mixture of 
ASP2 (Provasoli, McLaughlin & Droop, 1957) and Erd-Schreiber marine media at 15°C and 
with a 12 h light/12 h dark illumination regime. 

Light microscopy was carried out using a Reichert Zetopan microscope fitted with bright- 
field, Anoptral and interference contrast optics, and electronic flash. 

Motile cells were fixed for electron microscopy using a mixture of 2-5~ glutaraldehyde and 
1~  osmium tetroxide in 0.1 M sodium cacodylate buffer, pH7, with 9 ~  sucrose, for 30 min. 
The material was post-fixed in 2 ~  uranyl acetate before dehydration and embedded in Spurr's 
resin. Whole-mounted cells were killed using osmium tetroxide as above, then dried on to 
Formvar-coated grids and shadowed with chromium. Transmission electron microscopy was 
carried out using a Philips 300 microscope. 

A number of techniques were used to remove the cellular material from the calcified bodies 
in preparation for scanning electron microscopy, but none was routinely successful. Methods 
used included: picking out isolated calcified bodies using a micropipette and passing them 
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368 J. C. GREEN AND P. A. COURSE 

through a series of distilled water washes; boiling cellular material in a water-bath for periods 
of up to 30 min; subjecting material to pronase digestion for 24 h; digestion in 1, 5 and 10 M 
sodium hydroxide both hot (100°C) and cold (room temperature); physical disruption of 
cellular material using an ultrasonic disintegrator. After treatment, the material was washed 
with distilled water and either strained on to 0.45/zm Millipore filters and air-dried, or mounted 
directly on stubs using nail-varnish as an adhesive (Wever, 1980). For electron-probe micro- 
analysis, calcified bodies were picked directly from cultures, washed with distilled water and 
mounted on carbon stubs. 

Bacteria associated with the algae were cultivated by filtering off the algal cells by means of 
a sterile (autoclaved) 5'0/zm Millipore filter and inoculating an organically enriched seawater 
medium with the filtrate (Billy, 1980). 

Bacteria-free cultures of the algae were obtained by first inducing cultures of each strain to 
produce motile swarmers. A 0"5 ml inoculu containing swarmers was then pipetted into 
sterile flasks containing 50 ml normal growth medium (see above) with 0, 0"25, 0.5, 1-0 and 
2"0 ml respectively of a stock solution containing 50 mg kanamycin, 50 mg streptomycin and 
100 mg penicillin G in 10.0 ml sterile distilled water. Each concentration of antibiotic was set up 
in triplicate. After 24 h the algae were subcultured into fresh sterile growth medium and, after 
growing for 7 days, sterility was checked by inoculating a sample from each tube into an 
enriched medium E6 (Provasoli et al., 1957). All concentrations of antibiotic mix yielded 
some cultures apparently free of bacteria. 

Both the bacterial cultures and the bacteria-free algal cultures were periodically checked for 
mineralization. 

O B S E R V A T I O N S  

Chrysotila lamellosa was originally described by A n a n d  f rom material col- 
lected f rom the chalk cliffs on the Kent  coast  (Anand,  1937). Using material 
f rom other localities, Green & Pa rke  recently reported further observations on  
this organism and an amplified description was published (Green & Parke, 1974, 
1975). However,  it will be useful to summarize briefly the principle features o f  
the species as they have appeared in the cultures used in this investigation. 

The motile cells (Figs 1, 5, 9) are asymmetric,  sub-spherical to elongate 
Isochrysis-like organisms, approximately 6-0×4.0  tLm, with two sub-equal 
flagella, 8.0-10.0 tzm and 6.0-8.0/zm in length. The flagella are inserted sub- 
anteriorly and arise f rom the obliquely t runcate anterior face o f  the cell, the 
longer flagellum being inserted posteriorly relative to the shorter (Figs 1, 9). 
There is a single parietal green-gold chloroplast  lying against one side o f  the 
cell (Figs 1, 9) and electron microscopy shows that  the nucleus is situated against  
its inner face (Fig, 10). There is also a large vesicle containing a reserve metabol-  
ite, p robably  chrysolaminarin, together with several smaller vesicles with 
osmiophilic contents (Figs 1, 9). At  the periphery o f  the cell are a number  o f  
muciferous (?) vesicles (Fig. 10), detectable in the light microscope only in 
material  which has been fixed with osmium tetroxide (Fig. 5). Between the two 
flagella is a reduced hap tonema (Fig. 10) similar t o  tha t  described by Green & 
Parke (1974, 1975) and Green & Pienaar (1977) in other strains o f  C. lamellosa 
and in Isochrysis galbana Parke. The  hap tonema is no t  normally detectable with 
the light microscope. The periplast o f  the cell is covered externally by a layer o f  
small unmineralized scales, approximately 0-2 tzm diameter (Fig. 11). 

The motile cells rotate about  their longitudinal axis as they swim. They are 
no t  very active and in culture may  swim for  a few hours only, after which they 
settle at the meniscus, lose their flagella and form non-moti le  spherical cells up  
to  10.0-11.0/zm in diameter. Each has a single parietal plastid and usually a 
conspicuous small red carotenoid body  (Fig. 2) which is not  associated with the 
chloroplast.  The non-motile cells divide rapidly, initially to form regular rafts or  
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Calcification in Chrysotila 369 

FIGS 1-5. Light microscopy of C. lamellosa (clone 528). Fig. 1. Living motile cell. × 2,000; 
interference contrast. Fig. 2. Recently settled non-motile cells, each with a parietal 
chloroplast and carotenoid body (arrow). × 800. Fig. 3. Non-motile cells from a culture 
of approximately 1 month  showing the typical "block" formation, x 800. Fig. 4. Cells 
from an old culture with thick lamellated mucilage stalks, x 500. Fig. 5. Motile cell 
killed with osmium tetroxide; note the peripheral osmiophilic vesicles, x 2,000. 
Fios 6-9. Light microscopy of C. lamellosa (clone 529). Fig. 6. Cells in the "block" stage 
stained lightly with cresyl blue to show the mucilage layers, x 500. Fig. 7. Sporangium 
formation; the mucilage around some cells and sporangia stained with cresyl blue. 
x 800. Fig. 8. Sporangia which have not  released the motile cells; the latter have then 
divided in situ. x 500. Fig. 9. Living motile cell. x 2,000, bright field. 
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Calcification in Chrysotila 371 

blocks of cells (Fig. 3). Each cell eventually becomes invested with a thick layer 
of  hyaline mucilage of unknown composition which is difficult to detect in 
bright field illumination unless first stained with cresyl or methylene blue (Fig. 
6). Comparison with other algal groups would suggest that it is a complex 
polysaccharide, but attempts to stain for sulphated and other acid polysacchar- 
ides using alcian stains proved to be unsuccessful since the mucilage dissolved at 
the p H  required for these techniques. Further investigation is needed. 

The mucilage layer around cells in older cultures may be very well-developed, 
forming a lamellated layer approximately 10 ~m thick and the total diameter of  
the cell with the mucilage investment may thus be up to 30 t~m. By this time, the 
regular blocks of cells have broken up and the cells are randomly disposed in a 
mucilaginous mass (Fig. 7). In common with other strains of  C. lamellosa, the 
mucilage investment may be laid down asymmetrically so that the cells become 
situated distally on short (approximately 25-30 t~m) lamellated stalks (Fig. 4). 
At the meniscus much variation may occur both in the length of the stalk and 
the distance between the lamellae. 

The formation of motile ceils takes place when the cultures are flooded with 
fresh medium, any cell being able to divide several times to form a sporangium 
(Fig. 7). In clone 528 up to eight daughter cells were recorded in each sporangium 
and these were then released as motile cells, but in clone 529, the daughter cells 
were seen to continue dividing within the sporangium which ultimately burst to 
allow the development of  a new "block"  stage without the intervention of motile 
cells (Fig. 8). 

Mineralization takes place in both strains of  C. lamellosa used here and results 
in the formation of structures illustrated in Figs 12-26 and " Figs 27-40, the 
former most  frequently observed in clone 529 and the latter in clone 528. In  
both clones the first sign of calcification is the appearance of small flakes, 
dumbells, rods (Figs 12, 13, 27) or cruciform structures (Fig. 14) resembling the 
fossil form-genus Tetralithus (Parke, 1971 ; Green & Parke, 1974, 1975). Growth 
of these initials in clone 529 takes place by the development of  bundles of  
acicular crystals so that  a sheaf-like structure is formed (Figs 15, 16, 23). Further 
growth results in the formation of more or less spherical bodies which may be 
up to 100 t~m or more in diameter (Figs 17, 20). Examination of  these various 
stages in the scanning electron microscope shows that at an early stage in sheaf 
formation, algal cells have become incorporated into the structure and that by 
the time the spherical or sub-spherical condition has been attained this process 
is well advanced (Figs 19, 20). At  a still later stage, calcification continues more 
locally in association with the algal cells at the surface of the body (Figs 18, 26). 

FIGS 10, 11. Electron microscopy of the motile cell of C. lamellosa. Fig. 10. Part of 
longitudinal section showing the principal organeltes; chloroplast (c), nucleus (n), 
dictyosome (g), flagella (f), reduced haptonema (h) and peripheral osmiophilic vesicles 
(v). x 15,000. Fig. 11. Direct-mounted, chromium shadowed scales fi'om the motile cell. 
x 70,000, reversed print. 
FIGs 12-18. Light microscopy of calcification in clone 529. Fig. 12. A very early stage 
showing a small rod-like crystal, x2,000. Figs 13, 14. Later stages showing progressively 
increasing accretion of calcified material. Both x2,000. Fig. 15. The fasciculate stage 
with bundles of acicular crystals; stages of development are shown in the order a, b, c. 
x 500. Fig. 16. Detail of one specimen from Fig. 15. x 800. Fig. 17. Advanced stage of 
mineralization, x 500. Fig. 18. Part of the same specimen showing progressing cMcifica- 
tion at the surface (arrows). x 800. 
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372 J. C. GREEN AND P. A. COURSE 

FIGS 19-22. Scanning electron microscopy of calcification in C. lamellosa (clone 529). 
Fig. 19. A "sheaf";  note the cells being enclosed (arrows). × 750. Fig. 20. A large sphere 
showing the needle-like crystals, in some places forming a fringe around the smooth 
mucilage ensheathed cells at the surface. × 800. Fig. 21. Surface of a large sphere showing 
concretion, but calcification continuing to enclose further cells. × 720. Fig. 22. Detail of 
the surface of a large sphere showing needle-shaped crystals forming in association with 
cell-mucilage (arrows). ×2,000. 
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FIGS 23-26. Calcification in C. lamellosa (clone 529); for explanation, see text pp. 
371-374. 
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374 J. C. GREEN AND P. A. COURSE 

Scanning electron microscopy also shows that the larger bodies may have 
undergone some concretion so that the ends of the needle-like crystals are no 
longer obvious at the surface which now has a smooth appearance, broken only 
by the verrucose swellings where calcification continues to envelope the cells 
(Fig. 21). 

A variant of mineralization is also observed in clone 529 where the formation 
of sheaves of crystals is less obviously a characteristic feature. The initials 
described previously develop in a more irregular way (Fig. 25) and very soon 
cup-like structures are formed where the mineralization process encroaches 
around the individual cells (Fig. 24) and in this respect the process resembles 
the type of mineralization recorded in clone 528 (see below). In both patterns of 
development recorded in clone 529, however, lamellations can be seen at the 
surface of the mineralized body giving the impression of a series of steps or 
ridges across the surface (Figs 24, 26) representing "fronts" of crystal de- 
velopment. 

Electron-probe microanalysis demonstrates that calcium is the principle 
detectable element present in the mineralized bodies and the general morphology 
of the crystallites suggest that it is present as the aragonite polymorph of calcium 
carbonate, but this remains to be confirmed. Attempts to do so by means of 
X-ray diffraction analysis have so far proved to be unsuccessful owing to the 
difficulty of obtaining sufficient clean material. 

Calcification in strain 528 begins in a similar way to that described above. 
However, in this material, the initial stages are often more obviously associated 
with the mucilage of the algal cells, apparently in some cases being formed 
within the mucilage sheath (Fig. 39a). These initials may then grow to form a 
hemispherical cap (Figs 28, 39b) which ultimately encloses the whole cell to 
form a small berry-like structure. Crystal growth may take place in more than 
one direction so that adjacent cells may become calcified simultaneously (Fig. 
29) and, as in clone 529, calcification is progressive (Figs 29, 30, 31, 33, 40, 42). 
Eventually many small clusters of calcified bodies may be found in the culture 
(Fig. 32) and though they are at first irregular in form (Figs 33, 41, 42), clusters 
in older cultures may become more or less spherical (Fig. 34). The individual 
spherulites become compacted at the centre of the larger masses although a 
looser structure with progressing mineralization can still be seen at the periphery 
(Figs 31, 34). At the centre of each spherulite, the remains of the enclosed cell 
can often be seen (Figs 33, 42) and the striations of the original mucilage are 
imprinted in the structure of the calcified layer (Figs 33, 41). 

Further detail can be seen using scanning electron microscopy (Figs 35-38). 
Figure 35 shows a cluster of calcified spherulites, the arrows indicating cells at 
the periphery which are still undergoing calcification and similar cells are shown 
at a higher magnification in Figs 36 and 37. The mucilage covered cells appear 
smooth and almost featureless, whilst the calcified surface has a rugose appear- 
ance (Figs 35-38). In addition, Fig. 38 shows a cell in an advanced stage of 
enclosure, so that only a small pore remains connecting the cell with the ex- 
ternal environment, and also small bunches of needle-like crystals representing 
the first stages of calcification of adjacent cells, the latter having been removed 
during preparation (cf. Fig. 22). 

Cultures grown under axenic conditions also produced calcified bodies which 
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Calcification in Chrysotila 375 

FIGS 27-33. Light microscopy of calcification in C. lamellosa (done 528). Figs 27-29. 
Initial stages; in Figs 28 and 29 the deposits are obviously associated with the mucilage 
layers of the cells. Figs 27 and 28 both x2,000; Fig. 29, x 1,500. Fig. 30. Bundles of 
acicular crystals indicating progressive mineralization, x 2,000. Fig. 31. Detail of Fig. 
34 showing progressive calcification (arrows) at the periphery of a large cluster of 
spherulites, x 800. Fig. 32. SmaU dusters of calcified bodies from the bot tom of a 
culture vessel, x 500. Fig. 33. An  irregular cluster of spherulites, some showing striations 
in the calcification (arrow) and continuing calcification at one extremity (arrow-heads). 
The remains of enclosed cells are clearly visible, x 500. 
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376 J. C. GREEN A N D  P. A. COURSE 

Figs 34-38. Light microscopy (Fig. 34) and scanning electron microscopy of calcification 
in C. lamellosa (clone 528). Fig. 34. A targe cluster of  spherulites showing some com- 
paction at the centre, x 200. Fig. 35. Scanning electron micrograph of a cluster of 
spherulites. The arrows indicate cells at the periphery undergoing calcification, x 300. 
Figs 36, 37. Mucilage ensheathed cells undergoing calcification. Note the rugose surface 
of the mineralization (cf. clone 529, Figs 20, 22). The arrow indicates a cup-like de- 
pression from which the cell has been removed. Fig. 36, x 2,200; Fig. 37, x 6,600. Fig. 
38. Details from another specimen showing a spherulite in which the cell is almost 
totally encased, only a pore remaining (arrow), and clusters of acicular crystals where 
calcification is continuing, x 2,000. 
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FIGS 39-42. Calcification in C. lamellosa (clone 528). For  details, see text, pp. 374-378. 
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were similar in form to those obtained from cultures in which bacteria were 
present. The cultures of the mixed bacterial population also produced calcified 
bodies, but here the form adopted by the bodies was rather different to that seen 
in the algal cultures. The initial stages consisted of small rhomboidal or cruci- 
form crystals, approximately 8-12 t~m in th e longest dimension. These developed 
into stellate clusters, approximately 25 t~m diameter, which eventually grew to 
form bodies 30-40/zm in longest dimension, often more or less spherical but 
sometimes with a slight constriction. In the light microscope, the crystals forming 
the body were seen to be radially arranged and close-packed so that the surface 
had a smooth appearance though this was not consistently so, a few examples 
having a rugose surface. 

DISCUSSION 

It was suggested by Parke (1971) that the calcified deposits observed in cul- 
tures of Chrysotila and Ochrosphaera were formed by the secretion of material 
in vesicles from the cell. However, none of our observations substantiate this 
theory and it is probable that the material observed by Parke (see Parke, 1971, 
fig. 9) may have been produced by the discharge of the peripheral mucilage (?) 
containing vesicles often to be found in cells of these organisms, particularly the 
motile swarmers (Fig. 10; Green & Parke, 1974, 1975). The present structures 
are probably produced by extracelhilar means as the result of the modifications 
of the environment by biological activity. 

Calcification is a common phenomenon in the algae and there is an extensive 
literature on this topic (for recent reviews, see Borowitzka, 1977, 1982a, b; 
Pentecost, 1980). In general, it is an extracellular process, the calcium carbonate 
being deposited in association with the cell wall. An important exception to this, 
however, is the formation of calcified coccoliths in certain members of the 
Prymnesiophyceae which is a wholly intracellular process. In contrast, extra- 
cellular calcification generally depends on an increase in the pH of the medium 
surrounding the cell and this is brought about during the photosynthetic process 
either by the removal of CO2 or by the release of O H -  ions as a result of HCO3- 
uptake. The increase in pH is accompanied by an increase in the CQ~-concen - 
tration and, assuming that sufficient Ca ~+ ions are available, calcium carbonate 
is precipitated either as calcite (usually in freshwater) or aragonite (the poly- 
morph of calcium carbonate commonly found in marine environments). There 
must be a suitable site available for the initial nucleation of the crystal, but once 
crystallization has been established, it may continue by inorganic processes. 

Regarding the algae with which we have been working, so little is known 
about their biochemistry and metabolism that it is only possible to conjecture 
how the mineralized deposits are formed. Clearly there is a pH rise in the 
medium but whether this is due to CO~ uptake or some other process is not 
known. Abundant mucilage is produced which may well provide sites suitable 
for calcium carbonate crystal nucleation, but apart from the organic matrix of 
the coccoliths of Emiliania huxleyi (Lohm.) Hay & Mohler (Jong, Bosch & 
Westbroek, 1976; Fichtinger-Schepman et al., 1979) the scales of non-calcifying 
Chrysochromulina chiton Parke & Manton (Allen & Northcote, 1975) and 
Pleurochrysis scherffelii Pringsheim (Herth et al., 1972; Romanovicz & Brown, 
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Calcification in Chrysotila 379 

1976) little is known about the polysaccharides of the Prymnesiophyceae. How- 
ever, it is probably safe to assume that, as in other algal groups (Lewin, 1974; 
Mackie & Preston, 1974; Turvey, 1978; Percival, 1979) sulphated and uronic 
acid residues and perhaps complexed-proteins are present providing a matrix 
upon which deposition of calcium salts may occur. Whether the mucilage acts 
as a template controlling the orientation and direction of formation of the 
crystals is not clear, though the manner in which the crystals form along the 
surface and invest the cells one by one does suggest some measure of influence. 
Evidence has recently been given indicating that the acid polysaccharide of E. 
huxleyi may indeed have a regulatory function. It has been shown to inhibit 
calcium carbonate precipitation in vitro but this effect may be dependent on the 
stereochemistry of the molecule, the inhibition being cancelled by a conforma- 
tional change (Borman et al., 1982). 

Among the forms of algal calcification with which we are familiar, there is 
none which exactly parallels the process described in this paper and it is difficult, 
therefore, to find a model for comparison. Crystal initiation generally takes 
place in older cultures and begins within the mucilage mass, presumably within 
the interstices between the mucilage sheaths and stalks. The process is somewhat 
analogous therefore, to calcification in the tropical green algal genus Halimeda. 
Here calcification takes place in the intercellular spaces of the thallus where, it 
is suggested, that because of their partial isolation from the ambient seawater 
during active photosynthesis, there is CO2 depletion and consequent crystalliza- 
tion of aragonite taking place (Borowitzka & Larkum,. 1976). Precipitation of 
calcium carbonate in a manner more directly comparable to that which we have 
observed has, however, been recorded in bacterial cultures and is illustrated by, 
for example, Oppenheimer (1961), Greenfield (1963), Krumbein (1974, 1979a) 
and Billy (1980). Greenfield's paper includes micrographs of rods and dumbells 
similar to the initials which we have observed in several strains, together with 
crosses which would be almost impossible to distinguish from "Tetralithus"- 
forms. Krumbein (1974) illustrates clusters of aragonite crystals which he 
observed in bacterial cultures within 36 h and these closely resemble those of C. 
lameIlosa (clone 529). A more complete picture is given by Krumbein (1979b) 
who describes aragonite deposition in cultures of bacteria from beach-rock 
deposits in the Gulf of Aqaba, Sinai. Similarly, Billy (1980) illustrates bundles of 
aragonite crystals having the fasciculate form which we have observed. The 
processes through which calcium carbonate may be precipitated through the 
agency of bacteria have been summarized by Krumbein (1979a). In oxygenic 
culture they include photosynthesis, dark CO,, fixation (possibly with the 
secretion of OH- ions) and ammonia production through the oxidative deamina- 
tion of amino acids. 

The role of bacteria in the formation of lithified cyanophyte mats and the 
formation of stromatolites has been extensively investigated by Krumbein and 
co-workers (for literature, see Krumbein & Cohen, 1977; Krumbein, 1978, 
1979b) and the possibility that they play an important part in the initiation of 
calcification in mucilage-coated unicellular eukaryotic algae cannot, therefore, 
be ignored. Our preliminary experiments have indicated that mixed populations 
of bacteria cultured from the medium in which the algae had been growing are 
capable of forming calcified bodies, though in form they differ from those ob- 
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tained from the algal cultures. This, however, may be an effect of the molecular 
architecture of the algal mucilage, which may influence the further development 
of crystallization once it has been initiated on the bacterial surface. Conversely, 
experiments with antibiotic treated and apparently axenic cultures of both of the 
present isolates of C. lamellosa have demonstrated the presence of calcification 
in 2-month-old cultures, indicating that mineralization can be mediated by the 
algae alone and is not necessarily associated with bacterial action. 

It is difficult to attribute any biological function to the calcified bodies and it 
is likely that they are no more than by-products of metabolism. They may serve 
as resting or cyst stages (analogous to some dinottagellate cysts, see, e.g. Keupp, 
1981), but it is more likely that the cells enclosed are dead, as in the case of the 
calcified filaments of Rivularia (Golubid & Campbell, 1981). Before this can be 
investigated further, however, routine techniques must be developed for re- 
moving with certainty all viable cells from the surface of the calcified material. 

With regard to the enigmatic calcareous nanofossil genera such as Tetralithus 
and Marthasterites, our observations support their separation from the cocco- 
lithophorids with which they are usually grouped. Gartner (1968), for example, 
included these genera in the coccolith family Discoasteraceae. However, Tappan 
(1980) from comparison with the earlier published work on living forms, in- 
cludes Tetralithus and Marthasterites in the family Isochrysidaceae (order 
Isochrysidales), retaining the discoasters in their own order, the Discoasterales. 
(It may be noted here that not all nanofossils having a roughly cruciform shape 
and attributed to Tetralithus accord strictly with the diagnosis of Gardet (1955) 
which states that in polarized light there should be two light and two dark zones. 
Thus, the forms attributed to T. gothicus Deflandre, T. nitidus Martini and T. aft. 
aculeus (Stradner) Gartner (Gartner, 1968, and others) and the forms described 
by Green & Parke (1974, 1975) are not strictly Tetralithus by this definition.) 

As we have shown above, however, the presence of aragonite or other forms 
of calcium carbonate, even of Tetralithus-form, does not necessarily mean that 
prymnesiophytes are or have been present. Even if we assume that the calcifica- 
tion is of algal origin, it is still open to doubt that they are the products of 
prymnesiophyte metabolism since structures similar to those noted here have 
been recorded in blue-green algae (Golubid & Campbell, 1981) and have been 
seen in chrysophyte material (Tschermak-Woess, 1980) and in cultures of a 
mucilage-forming ChIamydomonas species (Green, unpublished observation). 
That they are not simply a response to culture conditions, but do appear in wild 
material, is certain from the record of Tschermak-Woess (1980) who illustrates 
"crystalloid lumps of chalk" in the mucilage of Tetrasporopsisfuscescens (Braun) 
Lemmermann collected from an old bed of the R. Danube, and unpublished 
observations of one of us (JCG) of calcified material of Chrysotila from the edge 
of a stream at Roche Abbey in Yorkshire. 

Calcified bodies of this sort cannot, therefore, be taken as diagnostic of any 
particular microbial group but they may provide useful evidence in support of 
other morphological characters. In our studies of members of the Prymnesio- 
phyceae we have found consistent differences in the form of the calcified bodies 
between clones of what appear to be conspecific organisms. Whatever the causes 
of the initiation of calcification, its final form may be affected by the precise 
chemical composition of the mucilage which is itself probably a specific character. 
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This aspect o f  the study merits  fur ther  investigation,  however .  Golubid  & 
Campbel l  (1981) recorded differences in the calcified structures reflecting the 
morpho logy  of  species o f  Rivularia,  but  in an earlier paper ,  Golubi6  (1973) 
sounded a note  o f  cau t ion  on relying too  heavily on the fo rm of  calcification as 
a t axonomic  feature in the Cyanophyceae  as so m a n y  envi ronmenta l  factors  can 
affect the calcification process. 
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