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Calcium Carbonate Deposition in the Motile (Crystailolithus) 
Phase of Coccolithus pelagicus (Prymnesiophyceae) 

By JEREMY D. ROWSON, BARRY S. C. LEADBEATER 

Department of Plant Biology, University of Birmingham, 
P.O. Box 363, Birmingham B15 2TT, England 

and J. C. GREEN 

Marine Biological Association of  the U.K., The Laboratory, Citadel Hill, 
Plymouth PL1 2PB, England 

Non-motile heterococcolith-bearing cells of Coccolithus pelagicus grown in clonal culture 
eventually give rise to motile ceils of the "Crystallolithus" phase. Such motile cells have a 
complex periplast comprising layers of organic scales, holococcoliths of the crystallolith type 
and an outer investment referred to here as the envelope. Scales, crystallolith baseplates and 
discrete units of envelope are formed in Golgi-associated cisternae. The deposition of calcium 
carbonate does not appear to take place intracellularly as it does in the non-motile 
heterococcolithophorid phase. In order to locate the site of crystallolith synthesis, cells were 
treated with CO2 to remove the existing CaCO3. After resuspending decalcified cells in fresh 
medium, CaCO 3 first appeared on crystallolith baseplates outside the plasmalemma, external 
to the mature cisternae of the Golgi apparatus and near to the flagellar bases. Crystalloliths 
apparently undergoing calcification are always closely associated with the envelope. The 
calcite crystals of crystalloliths appear to be covered by a thin layer of organic material which 
may act as a matrix during calcium carbonate deposition. 

Coccolithus pelagicus (Wallich) J. Schiller 
is a widely occurring marine planktonic 
coccolithophorid. Non-motile cells of this 
species bear heterococcoliths containing 
assemblages of morphologically complex 
and diverse CaCO3 elements. Such 
heterococcoliths differ from holococcoliths 
which are composed of a number  of similar 
(often rhombohedral)  calcite crystals, and it 
was thought that these two types of 
coccolith represented phylogenetically 
separate lines of coccolithophorid develop- 
ment. However, Parke & Adams (1960) 
demonstrated that some clonal cultures of 
non-motile C. pelagicus cells gave rise to 
motile flagellates corresponding to the holo- 
coccolithophorid Crystallolithus hyalinus 
Gaarder  & Markali,  originally described 
from the N. Atlantic as a separate species 
(Gaarder  & Markali, 1956). Thus, for the 
first time, a heterococcolithophorid and a 

holococcolithophorid were observed to be 
linked in the same life-cycle. 

The ultrastructure of Cr. hyalinus was first 
described by Manton  & Leedale (1963), who 
found it to be typically prymnesiophycean in 
most characters. One particularly interesting 
feature was the presence of a continuous 
outer investment, which they called the 
"skin",  covering the scales and crystalloliths 
(disciform holococcoliths with a single layer 
of crystals except at the periphery where 
there are two layers). Klaveness (1973) 
confirmed the findings of Manton  & Leedale 
(1963) for Cr. hyalinus and also found a 
"skin" on another holococcolithophorid, 
Calyptrosphaera sphaeroidea J. Schiller. In 
both these species organic scales are pro- 
duced in Golgi-associated cisternae as has 
been described for many other members  of 
the Prymnesiophyceae, but neither Manton 
& Leedale (1963) nor Klaveness (1973) 
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found a n y  sign of intracellular C a C O  3 
deposition. This is unusual  since it is known  
that  C a C O  a is deposited internally in species 
of heterococcol i thophorids  during coccoli th 
formation (see recent reviews by Borowitzka,  
1982a,b). Fur thermore ,  our  recent fine- 
structural and experimental findings on the 
motile phase of  C. pelagicus reported here 
have yielded evidence that  holococcoli th 
calcification takes place extracellularly, out-  
side the plasmalemma. 

Before describing our  observat ions it is 
necessary to outline a nomenclatural  
problem which will be discussed more  fully 
in a subsequent publication. Fol lowing the 
report  of Parke & Adams (1960), the name 
Coccolithus pelagicus J. Schiller (Schiller, 
1930) should be used for both the non-  
motile and the motile phases since it takes 
priority over the more  recent name 
Crystallolithus hyalinus Gaarder  & Markal i  
(Gaarder  & Markali ,  1956). However ,  a 
further problem has arisen since we have 
observed that some clones of  C. pelagicus 
give rise to motile cells corresponding to 
Cr. hyalinus whereas other  apparent ly  
morphological ly  identical clones of 
C. pelagicus give rise to motile cells 
corresponding to another  described species, 
Cr. braarudii Gaarder  (Gaarder ,  1963). For  
the present, therefore, we will refer to these 
different motile cell types as the hyalinus- 
and braarudii-forms respectively. 

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

Unialgal cultures of Coccolithus pelagicus were 
obtained as strain 182E from the Plymouth 
Culture Collection and maintained in 
Birmingham under aseptic conditions. Cultures 
were grown in incubators at 16°C with a 
photoperiod of 16 h light and 8 h dark. A uniform 
photon flux density of 20 gEm 2 s 1 was 
supplied by "warm white" fluorescent tubes. Cells 
were subcultured into fresh Erd Schreiber sea- 
water at 2-week intervals. 

Light microscopy was carried out using a Leitz 
Orthoplan microscope with bright field, phase 
contrast or polarised light. For scanning electron 
microscopy, a cell suspension was fixed with 2% 
osmium tetroxide in 0.1 M sodium cacodylate 
buffer at pH 7-0. Fixed cells were collected 
without drying on a 0.45 gm Nucleopore filter and 

the cell-coated filter membrane was dehydrated 
using an acetone series, critical-point dried and 
sputter-coated with gold. For transmission 
electron microscopy whole mounts of cells were 
prepared in the standard way (Manton, 1967). 
For thin sectioning, to show general cytological 
features, cells were fixed for 1 2 h in an ice-cold 
solution of 2% glutaraldehyde in 0-1 M sodium 
caeodylate buffer at pH 7.0 with 0.25 M sucrose. 
After rinsing in buffer, cells were post-fixed in ice- 
cold 2% osmium tetroxide in the same buffer. 
Dehydration was carried out using an ethanol 
series, and the pellet of cells was embedded in 
Epon; Sections were stained with uranyl acetate 
and lead citrate. For preservation of the periplast, 
glutaraldehyde fixation was omitted, the only 
fixative being 2% osmium tetroxide in 0.1 M 
sodium cacodylate buffer, and all aqueous 
solutions were adjusted to pH 9.0 by the addition 
of dilute NaOH. 

For the isolation and fixation of periplasts, a 
suspension of cells was treated with a 1% aqueous 
solution of the detergent Triton X-100 
(pH adjusted to 9.0 with NaOH). The remaining 
suspension, consisting mainly of periplasts, was 
concentrated by centrifugation, fixed using 1% 
osmium tetroxide, washed, dehydrated and 
embedded as above. 

The dimensions of scales, crystalloliths and 
crystals were determined from micrographs of 
whole-mounted specimens. Sixty crystalloliths, 
large scales and small scales were measured. The 
details of the crystal samples are shown in 
Table I. 

X-ray microanalysis of whole mounts was 
carried out using a Jeol 100CX electron micro- 
scope in STEM mode with a link Systems 860 
Series 2 EDAX. X-ray diffractometry was carried 
out on isolated periplasts using a Picker X-ray 
diffractometer using Cu K~ radiation 
(2 = 0'1541 nm). 

To establish levels of calcium in the periplast 
and cytoplasm, a suspension of motile cells of 
known concentration was suspended in a solution 
of 0.1 M NaOH containing 1% Triton X-100. 
Following complete disruption of cells the 
suspension was centrifuged and the supernatant, 
containing the soluble cytoplasmic calcium was 
retained. The pellet containing the periplast 
fi'action, was resuspended in 10 ml of 0.1 M HCI 
which dissolved the CaCO a of the crystalloliths. 
The two fractions were then assayed for calcium 
in an atomic absorption spectrophotometer and 
the quantities calculated for periplast and cytosol. 

Terminology 

In this communication all structures outside 
the plasmalemma are considered to be extra- 
cellular and constitute the periplast. One 
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component of the periplast is a continuous 
investment previously referred to as the "skin" 
(Manton & Leedale, 1963; Klaveness, 1973) for 
which we have used the more generalized term 
era,elope. 

OBSERVATIONS 

Structure of the periplast components 

The motile cells of C. pelagicus are more 
or less spherical and carry two equal to sub- 
equal smooth flagella (approx. 201~m in 
length) with, between them, a short 
haptonema (5-8 ~tm). The diameter of the 
protoplast is about 11 ~tm, but there is an 
obvious periplast (Figs 5, 15, 20) so that the 
overall diameter of the cell is approx. 13 ~m. 
The presence of calcified crystalloliths 
renders the periplast particularly con- 
spicuous when viewed with polarized light. 

The periplast, including all structures 
external to the plasmalemma, is complex 
and consists of a layer of columnar material 
immediately adjacent to the plasmalemma, 
several layers of scales, crystalloliths and an 
outermost investment, the envelope (Fig. 6). 
More than one system of scales, coccoliths 
and envelope may be present around a cell. 
The deposit of columnar material is found 
mainly between the plasmalemma and the 
proximal layer of scales, but occasionally 
occurs amongst the scales of the more distal 
layers. After periplast isolation with Triton 
X-100, columnar material remains attached 
to the scales even though the plasmalemma 
has been removed. 

Scales are of two types. Large elliptical 
plate scales are uniformly distributed over 
the whole cell in a layer two to five scales 
thick and smaller, flat, round to elliptical 
scales are clustered in the periplast space in 
the vicinity of the flagellar pole (Fig. 25). 
Both types of scale exhibit the usual 
prymnesiophycean structure with a radial 
pattern of microfibrils on the proximal side 
and more or less concentric microfibrils on 
the distal side. The dimensions of the 
large scales are 2.0 (S.D. = 0.35) x 1.3 
(S.D. = 0.2)~tm; those of the small scales 
0.8 (S.D. = 0-15) x0.5 (S.D. = 0.1) [am. The 

length:width correlation coefficients were 
+0.34 and -0 .17 for large and small scales 
respectively and there is a significant correla- 
tion between length and width for large 
scales (P < 0-05), but not for small scales. 

The outermost component of the peri- 
plast, the envelope, shows a characteristi- 
cally mottled pattern when seen in oblique 
sections (Figs6, 25). However, in whole 
mounts of cells prepared for SEM or TEM it 
appears featureless (Figs l, 2, 21). The 
mottled pattern is due to circular to elongate 
granules approximately 8 nm wide and 6 nm 
apart. The envelope completely covers the 
cell except where it is penetrated by the 
flagella and haptonema (Fig. 2). Sections 
show that the distal (outermost) face of the 
envelope covered with a lightly staining layer 
of material consisting of granular and 
fibrillar components (Figs 6, 25). Discrete 
fragments of envelope are not uncommon 
within the periplast space (Fig. 25). 

The crystalloliths of intact cells are always 
covered distally by the envelope. Figure 1 
shows a scanning electron micrograph of a 
critical-point dried cell where the envelope 
has ruptured revealing a layer of crystall0- 
liths beneath. Crystallolith baseplates are flat 
and elliptical with radially arranged micro- 
fibrils on the proximal surface but differ from 
scales in that they have an amorphous distal 
surface and a significantly large baseplate. 
The dimensions of the baseplate are 2-9 
(S.D. = 0.4) x 1.8 (S.D. = 0.3) ktm, with a 
length : width correlation coefficient of 
+0-53; the lengths of the baseplates are 
significantly proportional to the widths 
(P < 0-05). Most crystalloliths have a double 
layer of crystals located at the edge of the 
baseplate whilst a single layer is found on 
the remaining area. In the hyalinus-form, the 
central area of the baseplate is almost 
entirely covered although gaps between 
crystals are usually apparent (Fig. 3). In the 
braarudii-form, which has been studied more 
extensively here, the crystals in the central 
area form an ellipse which is linked to the 
outer edge of the crystallolith by radial lines 
of crystals (Fig. 4). These arrangements are 
subject to much variation and in the 
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Crystaliolith calcification in Coccolithus 

TABLE I. Number, arrangement and side-length of calcite crystals on crystalloliths. 

363 

Mean number of crystals per crystallolith 109.7+ 13.5 
(q- S.D.) 

Mean number of radial rows of crystals on 8'6+ 0'9 
crystalloliths ( + S.D.) 

Mean side-length of crystals from untreated 120 +_20 nm 
cells (~ S.D.) 

Mean side-length of crystals from earliest 120 __+ 30 nm 
forming crystalloliths in recalcifying cells 
(±S.D.) 

Five crystalloliths from each of 10 cells 
sampled 

Five crystalloliths from each of 10 cells 
sampled 

Twenty crystals measured from each of five 
crystalloliths from 10 cells 

Twenty crystals measured from each of 10 
cells 

braarudii-form there may  be more  than one 
layer of crystals on the central ellipse or  
radial arms. The size and distribution of  
crystals on braarudii crystalloliths have been 
analysed statistically (see Table I). Some 
crystalloliths have larger crystals than others 
f rom the same cell, but  the differences 
in mean  crystal side-length between cells are 
not  significant. The mean for 1000 crystals 
from 10 cells was found to be 1 2 0 n m  
(S.D. = 20nm) .  Al though the number  of  
radial lines of crystals on the crystalloliths 
varied from 6 to 12, it was fairly constant  for 
any one cell. The number  of  crystals per 
crystallolith f rom any one cell also varied, 
but  there was no significant difference in the 
mean number  of  crystals per crystallolith 
between cells. 

The cytoplasm of an actively growing 
motile cell contains approximately  
3 .0x  10 -13 mol  calcium and the periplast 
(including the crystalloliths) of  such a cell 
contains approximately  8 . 0 x 1 0  -13 mol  
calcium. As the mean number  of  crystallo- 
liths per cell is 154, each crystallolith 
contains approximately  0"05 X 10 13 mol 
calcium. Crystals were analysed by X-ray 
diffractometry and the d-spacings obtained 

matched those for calcite. Thick unstained 
sections of cells show the posi t ion of the 
electron opaque crystals in the periplast 
space (Fig. 5), but when sections are stained 
with uranyl  acetate the C a C O  3 dissolves and 
holes are left in the resin where the crystals 
had previously been (Figs 6, 20, 25). Each 
hole is surrounded by an electron-dense 
deposit  possibly caused by the staining of a 
thin residual layer of organic material  
(Figs 6, 25). Fur thermore,  whole mounts  of  
crystals treated with uranyl  ace ta t e  leave 
electron translucent rhombohedra l  "boxes"  
in the positions previously occupied by the 
electron opaque crystals (Figs 8, 9). It was 
possible that the rhombohedra l  boxes 
represented residual C a C O  3 remaining after 
only partial solution of  the crystals. How-  
ever, X-ray probe microanalysis of  these 
boxes confirmed the total removal  of  
calcium, the only detectable elements present 
being uranium from the stain and copper  
f rom the support  grid. 

Fol lowing the observations of  the effect of  
uranyl  acetate on thick sections and whole 
mounts  of crystalloliths, experiments were 
carried out to determine whether  the 
apparent  organic covering resulted from an 

FIGS 1-7. Scanning and transmission electron microscopy of motile cells of Coccolithus pelagicus. Fig. 1. A critical- 
point dried cell with the layer of envelope ruptured revealing the crystalloliths beneath (arrows). The outlines of 
other crystalloliths, still covered by the envelope, can just be detected. SEM, x 6000. Fig. 2. The flagellar pole of a 
motile cell; the proximal portions of the two flagella and the short coiled haptonema can be seen emerging from 
apertures in the envelope. SEM, x 60,000. Fig. 3. Whole-mounted, shadowed crystalloliths of the hyalinus-form of 
motile cell showing the approximately uniform distribution of the calcite crystals. TEM, x 12,000. Fig. 4. Whole- 
mounted, shadowed crystalloliths of the braarudii-form~t.he crystals are arranged as a central ellipse connected to a 
peripheral band by radial arrays. TEM, × 12,000. Fig. 51 Unstained section of a cell; a double layer of crystals can 
be seen in parts of the periplast (arrows). TEM, x 4500. Fig. 6. Section of the periplast showing the disposition of 
the columnar material, unmineralized scales, crystalloliths and envelope. TEM, x 75,000. Fig. 7. Inflated Golgi 
cisterna containing a fragment of envelope and granular material. Sectioned specimen, TEM, x 50,000. 

Abbreviations used in figures. C, position of calcite crystal; cb, crystallolith baseplate; cm, columnar material; e, 
envelope; f, flagellum; g, Golgi apparatus; gr, granular material; h, haptonema; s, scale; ss, small scale; t, tubular 
material. 
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Crystallolith calcification in Coccolithus 365 

interaction between the C a C O  3 of the 
crystals and the uranyl acetate stain. 
Sections of  crystalloliths were therefore 
decalcified by t reatment  with 0.1 M HC1 
before staining and washing in the usual 
way. Under  these condit ions a densely- 
staining layer again remained a round  the 
spaces previously occupied by crystals. As a 
control  experiment, non-biogenic CaCO3 
embedded,  sectioned and treated in the same 
way left no such deposit. It therefore appears 
that  the existence of a dense layer does not  
result f rom a general interaction between 
CaCO3 and the uranyl  acetate stain but is 
probably  an organic covering to crystallolith 
crystals. 

Trea tment  of whole mounts  of crystallo- 
liths and non-biogenic CaCO3 powder  with 
hydrochlor ic  acid, EDTA or carbonic  acid 
(obtained by bubbling ca rbon  dioxide 
th rough  water) prior to staining failed to 
demonst ra te  the electron translucent cover- 
ings described above. This is unexpected as 
residues were obtained when sections of  
crystals were treated with these reagents (see 
above), and the result was not  altered by 
pretreatment  of the crystals with glutaralde- 
hyde. Cells decalcified by bubbl ing C O  2 
th rough  the medium prior to fixation, 
embedding and staining showed a graded 
response in relation to the length of  
treatment.  Short  periods of  t reatment  
allowed retention of the electron translucent 
covering but it was not  retained after extensive 
CO2 treatment.  Cells remained viable during 

t reatment  until the pH of the medium dropped  
below 4-0. 

Golgi apparatus and synthesis of periplast 
components 

Cisternae at the centre of the Golgi  stack 
of ten  contain branched tubular  material  of  
unknown  nature and function (Figs 10, 11), 
and scales and fragments of envelope are 
found in cisternae anterior to those contain-  
ing the tubular  material  (Fig. 11). Cisternae 
containing fragments of  envelope may  also 
include granular material (Fig. 7), but  
cisternae containing scales usually have no 
other  periplast components  (Fig. t 1). Several 
scale-containing cisternae may  occur  in a 
dictyosome,  each cisterna containing a single 
scale. Al though most  components  of  the 
periplast of  motile cells were observed in the 
Golgi  apparatus,  C a C O  3 crystals were never 
detected here or elsewhere within the 
protoplas t  at any time during the cell cycle. 
Various fixation procedures were used but  
those that  preserved intracellular placolith 
elements in non-moti le  cells of C. pelagicus 
failed to demonstra te  intracellular 
crystallolith crystals in motile cells. 

Decalcification and subsequent recalcification 
of cells 

Since intracellular calcification was not  
observed in sections, it became necessary to 
consider whether calcification might  be an 

FIGS 8 19. Electron microscopy (Figs 8-1 I) and light microscopy (Figs 12 19) of decalcified and recalcifying 
motile cells of C. pelagieus. Fig. 8. Whole-mounted crystalloliths decalcified using uranyl acetate. TEM, x 10,000. 
Fig. 9. Whole-mounted detached crystal treated with uranyl acetate; the CaCO 3 has been removed leaving an 
apparently unmineralized rhombohedral "ghost". TEM, x 65,000. Fig. 10. Tubular material of unknown function 
included in a cisterna towards the centre of the Golgi stack. Sectioned material, TEM, x 30,000. Fig. 11. Section 
showing part of a cell 3 h after decalcification and resuspension in fresh medium. The first CaCO 3 crystals formed 
during recalcification appear in the periplast space between the plasmalemma and the envelope. TEM, x 20,000. 
FIGS 12-15. Stages during the recalcification of previously decalcified living cells. The first crystalloliths appear at 
the flagellar pole (Fig. 12, arrow) and further increase in the coccolith cover takes place progressively towards the 
posterior of the cell (Figs. 13 14, arrows) until the coccosphere is once again complete (Fig. 15). Bright field, 
x 1750. Fig. 16. A decalcified cell showing several periplast layers. Phase contrast, x 2000. Fig. 17. Incomplete 
crystalloliths (arrows) formed during the early stages of recalcification. Phase contrast, x 2000. Fig. 18. The cap of 
new crystalloliths (between the arrows) at the flagellar pole ofa recalcifying cell; cf. Fig. 13. Phase contrast, x 2000. 
Fig. 19. Surface view of a complete, but slightly compressed, coccosphere showing the crystalloliths. Phase contrast, 
x 2000. 

For abbreviations, see legend to Figs 1-7. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 C

ol
le

ge
 L

on
do

n]
 a

t 0
4:

39
 1

0 
A

pr
il 

20
13

 



366 J . D .  Rowson, B. S. C. Leadbeater and J. C. Green 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 C

ol
le

ge
 L

on
do

n]
 a

t 0
4:

39
 1

0 
A

pr
il 

20
13

 



Crystallolith calcification in Coccolithus 367 

extracellular process in motile cells. How- 
ever, the presence of an existing cover of 
crystalloliths made it difficult to observe the 
site of production of new crystalloliths. It 
was necessary, therefore, to decalcify cells by 
bubbling CO2 through experimental 
cultures. Decalcification of living cells was 
confirmed by the loss of birefringence in 
polarised light microscopy and by an 
absence of calcium in X-ray microanalysis of 
whole mounts.  After resuspension of de- 
calcified cells in fresh medium the sites at 
which new crystalloliths appeared could be 
observed. Recalcification of living cells in 
fresh medium was followed by examining 
samples every 4 h through a 60 h period 
using optical microscopy (Figs 12-19). In 
untreated (control) cultures, 91% of cells 
were 75-100% covered with crystalloliths at 
the start of the experiment and the degree of 
cover remained at approximately this level 
throughout.  The number of cells in both 
treated and untreated samples doubled 
during the first 60 h of the experiment and 
there was no difference between the division 
rates for treated and untreated cells. In 
treated cultures, no crystals were detectable 
on ceils immediately after decalcification 
(Figs 16, 21), but after 60 h recalcification 
had taken place (Figs 15, 19) and there was 
no significant difference in the percentage 
covering of crystalloliths between treated 
and untreated cells. 

During subsequent experiments crystals 
were detected 3 h after decalcified cells were 
resuspended in fresh medium. They were 
situated at the cell surface, beneath the 
envelope at the anterior pole of the cell and 

close to the flagellar bases (Figs 11 13, 20, 
22). As recalcification progressed, more 
crystalloliths could be seen (Figs 13, 14, 17, 
18) until the cells were completely covered 
(Figs 15, 19). Recalcification proceeded at a 
uniform rate and did not appear  to be 
inhibited during the dark. Sections of 
material fixed during the first hours after 
resuspension in fresh medium showed scales, 
baseplatcs, skin and granular material in the 
Golgi apparatus and associated vesicles, but 
intracellular crystals were not observed 
(Fig. 20). Crystals on baseplates within the 
periplast first appeared in sections at the 
anterior end of the cells in the vicinity of the 
mature Golgi cisternae (Fig. 11). Examina- 
tion of whole mounts of recalcifying cells 
confirmed that the first crystalloliths 
appeared at the anterior pole, near the bases 
of the flagella (Fig. 22). Removal of proto- 
plasts with Triton X-100 facilitated detailed 
observations of the first crystals and 
crystalloliths produced. 

Crystal formation 

Whole mounts of recalcifying cells treated 
with Triton X-100 were examined in an 
at tempt to find intermediate stages in crystal 
formation. Normal  calcified cells were 
prepared in exactly the same way to check 
that the preparation technique did not cause 
any crystal erosion. 

In the search for intermediate or nascent 
forms, crystal dimensions were measured 
from recalcifying cells that appeared to be 
forming their first crystallolith. The mean 
crystal size was compared with the mean 

FIGS 20-25. Electron microscopy of decalcified and recalcifying motile cells of C. pelagicus. Fig. 20. Section through 
a cell fixed 12 h after decalcification and resuspension in fresh medium; crystalloliths may be seen accumulating in 
the region near the mature Golgi cisternae and are already forming a double layer. TEM, x 7000. Fig. 21. A whole- 
mounted cell fixed after decalcification; no crystalloliths are apparent. TEM, x 3000. Fig. 22. Shadowed whole- 
mounted cell fixed 12 h after decalcification and resuspension in fresh medium. Note the crystalloliths in the region 
of the flagellar pole, between the arrows; cf. Fig. 13. TEM, x 3000. Fig. 23. Whole-mounted, isolated periplast 
material showing some of the first crystalloliths produced during recalcification; note the covering of relatively 
close-packed crystals. TEM, x 25,000. Fig. 24. Whole-mounted periplast material prepared from cells harvested 
after 12 h of recalcification. At this stage the crystal arrangement on the holococcoliths is recognizably that of the 
braarudii-form. TEM, x 7500. Fig. 25. Section through the periplast of a cell fixed after 6 h recalcification showing a 
forming crystallolith; the crystals are clearly associated with a fragment of envelope material. TEM, x 40,000. 

For abbreviations, see legend to Figs 1-7. 
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obtained from apparently fully formed 
crystals from untreated cells using an 
analysis of variance Table I. There was no 
significant difference between the means 
indicating that there was not a significantly 
greater number of smaller crystals in the 
forming crystalloliths. 

Sections of recalcifying cells frequently 
showed what appeared to be organic 
material in association with the distal surface 
of partially formed crystalloliths. Figure 25 
shows the position of the first forming 
crystallolith to be at the anterior end of the 
cell beneath the envelope and near to the 
small scales and haptonematal base. In 
Fig. 25 the crystallolith is presumably nearly 
completed and lies proximally to an 
associated fragment of envelope. 

Whole mounts of recalcifying braarudii- 
cells treated with Triton X-100 prepared 
after resuspension in fresh medium showed 
that the first crystalloliths produced are at 
the anterior pole of the cells and possess a 
different crystal arrangement (Figs 23, 24). 
Instead of the usual pattern with a central 
ellipse and radial spokes, the distal surface of 
the baseplate was completely covered with 
crystals so that they superficially resembled 
those characteristic of the hyalinus-form 
(Gaarder & Markali, 1956). The crystals of 
individual crystalloliths do not appear to be 
simultaneously synthesized; instead it 
appears that the peripheral crystals situated 
at the edge of the baseplate are formed first 
(Fig. 17). 

DISCUSSION 

Manton & Leedale (1963) suggested that 
crystalloliths may be calcified extracellularly 
(external to the plasmalemma) and we 
interpret our observations as supporting this 
hypothesis. Thus, CaCO 3 is deposited on to 
an apparently fully formed baseplate scale 
which was itself synthesized in the dictysome 
before being extruded into the periplast. This 
is in marked contrast to heterococcolith 
formation where both baseplate synthesis 
and calcification occur within specialized 

membrane systems within the cell. There are, 
however, several aspects of crystallolith 
formation which require further investiga- 
tion. 

Manton & Leedale (1963) regarded 
crystallolith baseplates in Cr. hyalinus simply 
as crystal-bearing scales, but in cells of the 
braarudii-form we have found that base- 
plates and scales can be distinguished from 
each other by size and the patterning of the 
upper surfaces. Baseplates and scales within 
Golgi cisternae cannot be distinguished from 
each other, however, unless their distal 
surfaces are seen in glancing section. How 
the crystals are organized on the baseplates 
and how the crystalloliths are positioned 
external to the scales are unknown. 

Although decalcified cells apparently 
produce new crystalloliths more or less 
continuously, this does not imply that this is 
so in untreated cells where coccolith and 
scale formation may take place cyclically as 
in Pleurochrysis carterae (Braarud & 
Fagerland) Christensen (Pienaar, 1976). 
Furthermore, the carbon dioxide treatment 
itself may have stimulated or inhibited the 
normal rate of crystallolithogenesis; van der 
Wal et al. (1984) report that incompleteness 
of the coceosphere has a stimulatory effect 
on coccolith production in P. carterae. No 
information is available on whether the rate 
of crystallolithogenesis changes or is 
constant once the cells are fully covered in 
the braarudii-form of C. pelagicus. Again, it 
is not known why baseplates of the first 
crystalloliths formed after decalcification are 
completely covered with crystals, the typical 
braarudii appearance only being shown by 
the coccoliths formed later. It may possibly 
be due to disruption of cellular metabolism 
by excess carbon dioxide and the lowering of 
the pH of the medium. 

The apparent absence of intracellular 
CaCO 3 deposition in the braarudii-form 
during crystallolithogenesis is unexpected in 
view of the known occurrence of intracellu- 
lar calcification during heterococcolith 
formation. However, although the process 
seems to be extracellular and to take place 
distal to the plasmalemma, the regular 
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Crystallolith calcification in Coccolithus 369 

arrangement of the crystals on the baseplate 
suggests that calcification is nevertheless 
probably biologically controlled. Extra- 
cellular calcification of a different type has 
been reported recently in another member of 
the Prymnesiophyceae, Chrysotila lamellosa 
Anand (Green & Course, 1983), but in this 
case it seems more likely that calcification is 
biologically induced rather than biologically 
controlled (sensu Lowenstam, 1981). 

Spatial and structural control of crystal 
growth in some biological systems have been 
attributed to organic matrices (Mann, 1983) 
and they have been implicated in coccolitho- 
genesis in other species such as Emiliania 
huxleyi (Lohm.) Hay & Mohler (Klaveness, 
1976) and P. carterae (Outka & Williams, 
1971) as well as in non-motile C. pelagicus. 
The thin organic layer covering the 
coccoliths of Calyptrosphaera sphaeroidea 
has been similarly explained (Klaveness, 
1973) and the possibility that the organic 
layer covering the crystals of braarudii-cells 
of C. pelagicus may play a similar role 
cannot be ignored. In P. carterae the organic 
matrix covering the coccoliths is synthesized 
from coccolithosomes (Outka & Williams, 
1971; van der Wal et al., 1983), but 
coccolithosomes are not present in our 
material. However, they are apparently not 
essential for matrix synthesis as they are not 
found in some other coccolith-producing 
cells where matrices have been implicated 
(Manton & Leedale, 1969). 

If, as we believe, the calcite crystals are 
formed outside the plasmalemma, then 
intermediate stages in crystal formation 
might be expected in the periplasts of 
recalcifying cells, but no crystals smaller 
than 50 nm were found. Also, crystals from 
apparently forming crystalloliths were not 
significantly smaller than those from fully 
formed ones. This suggests that the crystals 
are formed very rapidly. 

The nature and function of the envelope 
around the cells of the motile phase of 
C. pelagicus are still unknown. A similar 
continuous enveloping layer has been 
recorded in the holococcolithophorid 
Calyptrosphaera sphaeroidea and this has 

been found to stain with ruthenium red, 
indicating a possible pectic nature 
(Klaveness, 1973). Certain other prymnesio- 
phytes are also covered in an investment, but 
if homologous, it appears to be of a different 
construction. The Golgi-synthesized 
enveloping layer in Chrysochromulina 
bergenesis Leadbeater appears to have a 
more complex substructure of scale-like 
units when seen in sections, but it is not 
usually retained in whole mounts (Manton 
& Leadbeater, 1974). A film covers the entire 
coccosphere of Umbellosphaera irregularis 
Paasche, but this breaks down into threads 
and seems to have adhesive properties 
(Okada & Honjo, 1970). 

The site of synthesis of the envelope in 
motile cells of C. pelagicus has not been 
demonstrated previously. Manton & 
Leedale (1963) proposed that it might be 
secreted by thick-walled tubes in peripheral 
vesicles, but our findings suggest an intra- 
cellular synthesis in inflated Golgi cisternae. 
The cisterna contents may then be released 
into the periplast near the flagellar pole and 
the appearance of discrete fragments of skin 
in this region appear to support this 
conclusion. However, the method by which 
this new material is incorporated into the 
pre-existing envelope and the mechanics of 
fusion are unknown. The function o f  the 
tubular material also observed within Golgi 
cisternae is unknown. Manton (1967) 
suggested that tubular material seen in 
Chrysochromulina chiton Parke & Manton 
may be concerned with scale formation, but 
such material has not been reported in other 
scale-bearing prymnesiophytes. 

The close association between the 
envelope material and the forming crystallo- 
liths suggests that the envelope plays a part 
in crystallolithogenesis. A possible function 
might be the maintenance of a high 
concentration of Ca 2 + ions on the distal side 
of the baseplate. Unfortunately, however, no 
information is as yet available on concentra- 
tion of soluble calcium within the periplast. 
It is hoped that further research will lead to 
an elucidation of the interesting and 
enigmatic system of calcification. 
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