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1 Introduction

The intricate shapes of coccoliths and the frequently observed high production
rates of calcite by the unicellular coccolithophorid algae have attracted the inter-
ests of ecologists, physiologists and cell biologists for many years.  The cocco-
lithophorid phytoplankton are responsible for the largest production of calcite on
earth.  The global occurrence of coccolithophores and the ability of certain species
to form extensive blooms in oceanic or coastal surface waters under certain condi-
tions suggests that they also make a significant contribution to ocean primary pro-
duction.  The formation of CaCO3 by the calcifying life cycle stages of cocco-
lithophores and its removal from surface waters by sinking has important
implications for the flux of inorganic carbon in the oceans (Westbroek et al. 1993,
1994; see Rost and Riebesell, Chapter XX).

To understand fully the mechanism of coccolithophorid calcification at a cel-
lular level in relation to function it is necessary to elucidate the different steps and
pathways involved in the formation of coccoliths.  Calcification ultimately in-
volves the precipitation of CaCO3 from Ca2+ and CO3

2- ions in solution.  However,
despite much intense investigation, the precise mechanisms and transport routes of
substrates leading up to the precipitation reaction are still unclear.  Here we out-
line aspects of the current state of knowledge concerning the cellular physiological
mechanisms and functions of calcification, paying particular attention to current
uncertainties and controversies and indicating where advances are likely to be
made.  The reader is referred to recent in-depth reviews by Paasche (2001) on the
physiology and general biology of coccolithophore calcification and by Young et
al. (1999) on coccolith structure and diversity and crystallization mechanisms.

2 Calcification and cellular structures

Cell ultrastructure has been well characterised with respect to the mechanism of
calcification in a few species of coccolithophores, notably Emiliania huxleyi, Coc-
colithus pelagicus  and Pleurochrysis carterae (Van der Wal et al. 1985; Manton
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and Leedale 1969; Marsh 1994).  Fig. 1 summarises the main intracellular compo-
nents involved in calcification in the most intensively studies species, E. huxleyi.

Fig. 1. Diagrammatic representation of the endo-membrane system in a coccolithophore
cell, drawn with reference to Manton & Leedale (1969) and Klaveness (1972). Nuc; nu-
cleus, Mit; mitochondria, Chl; chloroplast, PM; plasma membrane, GB; Golgi body, CV;
coccolith vesicle, RB; reticular body, Ct; coccolith, PER; peripheral endoplasmic reticulum,
NER; nuclear endoplasmic reticulum, CER; chloroplast endoplasmic reticulum.

E. huxleyi is typical of species that produce complex heterococcolith crystals in
intracellular compartments (Young et al. 1999) and which dominate the modern
coccolith flora in terms of global occurrence.  Intracellular coccolith production
requires the maintenance of significant sustained net fluxes of Ca2+ and inorganic
carbon (Ci) from the external medium to the intracellular membrane-bound,
Golgi-derived calcifying compartment (the coccolith vesicle, CV).  Certain spe-
cies such as Coccolithus pelagicus produce heterococcoliths or more simple holo-



Calcification in coccolithophores:  a cellular perspective

3

coccolith calcite crystals in different phases of their life cycle (e.g. Cros et al.
2000).  While published evidence reports the production of holococcoliths on the
external surface of the cell (Young et al. 1999), it is not clear whether they may
also be produced in internal compartments.  The following discussions, however,
refer to the internal production of heterococcoliths.

3 Challenges in coccolithophore cell biology

The physical separation of the calcification compartment within the cell allows
the creation of microenvironments in which calcite precipitation can be controlled.
While several species of algae produce microenvironments on their cell surface
that favour calcite formation (Borowitzka 1982; McConnaughey and Whelan
1996), internal calcite precipitation requires the uptake of Ci and Ca2+ and their
transport to the coccolith vesicle (Berry et al. 2002; Brownlee et al. 1994; Paasche
2001).

While much of our knowledge of the cell physiology and cell biology of coc-
colithophores has been gained from studies of E. huxleyi, considerable diversity is
likely in the cellular mechanisms of calcification amongst species, strains and life
cycle stages (see Billard and Innouye, Chapter XX).  It is becoming increasingly
important to identify the extent to which common functions and mechanisms of
calcification can be defined.  An example of the divergence in calcification
mechanisms between species at the cellular level can be seen from the he different
involvement of intracellular membranes and polysaccharides in calcification in E.
huxleyi and P. carteri.  In E. huxleyi, the coccolith vesicle is closely associated
with a membranous structure known as the reticular body which is thought to be
essential for supply of calcification precursors to the CV (De Jong et al. 1976).  In
contrast, the reticular body appears to be absent in P. carteri (Marsh 1994).  It has
been proposed (Paasche 2001; Marsh & Dickinson 1997) that this may relate to
the intricate involvement of a particular type of high capacity Ca2+-binding poly-
saccharide (PS2), that is essential for calcification in P. carteri and is probably in-
volved in the delivery of Ca2+ from the Golgi to the CV.  PS-2 is not found in E.
huxleyi (Corstjens et al 1998) which produces a different coccolith-associated
polysaccharide (coccolith polysaccharide, CP) that is involved in regulating coc-
colith crystal growth (DeJong et al. 1976).

Other major challenges in coccolithophore biology lie in relating relevant fea-
tures of the cell biology of calcification, photosynthesis and nutrient acquisition to
ecophysiology, distribution and succession of coccolithophores in the field and
their impact on air-sea CO2 exchange (see Rost and Riebesell, Chapter XX;
Buitenhuise et al. 2001; Crawford and Purdie 1997).  Moreover, an understanding
of the mechanisms of calcification is fundamental to interpreting isotope discrimi-
nation data from the fossil record in relation to paleoclimate and productivity.  Fi-
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nally, the cellular mechanisms by which elevated CO2 can affect cell growth and
calcification rate need to be elucidated in order to understanding the impact of
global increases in CO2 on inorganic carbon fluxes (Zondervan et al. 2001; see
Rost and Riebesell, Chapter XX).

4 Functions of calcification

Advances in understanding the mechanism of calcification are likely to shed
light on its function.  A variety of protective, metabolic and adaptive functions for
calcification have been proposed.  These can be grouped into protective, metabolic
and adaptive functions.  Phytoplankton are particularly vulnerable to grazing and
pathogen attack and many species have evolved protective cell coverings, for ex-
ample, based either on silica (diatoms) or organic carbon (dinoflagellates).  Indi-
rect evidence for a protective role for coccoliths comes from the observation that
that calcifying cells of E. huxleyi adjust their calcification/cell division rates in or-
der to maintain at least one complete layer of coccoliths (15 per cell) around the
cell surface, even under growth limiting conditions, such as low light (Paasche
1999).  However, a function in addition to protection, at least in E. huxleyi
(Paasche 2001), is suggested by the observation that under high light conditions
that are not limiting to growth, calcifying cells produce more coccoliths than are
needed for a single layer covering and may even shed excess coccoliths into the
medium (Paasche 1999).  Moreover, an efficient protective role is not supported
by studies of grazing by zooplankton that have shown comparable high rates of
grazing of calcified and non-calcified cells (Harris 1994).  Moreover, direct meas-
urements of copepod gut pH showed no differences between individuals feeding
on diatoms, dinoflagellates or coccolithophores, suggesting that calcite did not
significantly affect the digestive process (Pond et al 1995).  A ship-board study by
Nejstgaard et al. (1997) suggested that reduced mico-zooplankton population size
in response to mesozooplankton grazing could give rise to blooms of E. huxleyi ,
implying significant control of population size by microzooplankton grazers.

The demonstration of high rates of viral infection of calcifying E. huxleyi cells
(Bratbak et al 1996; Wilson et al. 2002) suggests that coccoliths do not afford sig-
nificant protection against viral attack.  The role of coccolith production in pro-
tection against bacterial attack has not been investigated.  The use of calcite coc-
colith plates for protection may provide a low-carbon-cost cell surface covering
analogous to the silica-rich cell walls of diatoms.  Such an adaptation would po-
tentially provide advantages over phytoplankton that form carbon rich cell walls
(e.g. dinoflagellates), particularly under conditions where light or carbon was lim-
iting for photosynthesis and growth.  However, the correlation between cocco-
lithophore blooms and high light intensities Nanninga & Tyrrell (1996) is not con-
sistent with this function.

Metabolic functions for calcification have been suggested by various studies.
The production of coccoliths has been shown to increase sinking rates which may
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facilitate movement of cells into nutrient-rich waters (Lecourt et al 1996).  E.
huxleyi has also been shown to have a uniquely high affinity inducible uptake
system for phosphate (Riegman et al. 2000).  This correlates well with the occur-
rence of blooms in phosphate-poor waters (Tyrrell and Taylor. 1996).  Moreover,
both calcification and membrane-bound cell surface alkaline phosphatase activity
showed stimulation by low nutrient availability in a low calcifying strain of E.
huxleyi (Riegman et al, 2000) raising the question of whether calcification is re-
lated directly to acquisition of phosphate.

A further outstanding feature of E. huxleyi is the absence of inhibition of photo-
synthesis at high irradiances (above 750 µmol photons m-2s-1) that would lead to
photoinhibition in other phytoplankton species (e.g. Nimer and Merrett 1993;
Nielsen 1997; Nanninga & Tyrrell 1996).  Resistance to photoinhibition is also
found in other coccolithophore species such as Pleurochrysis spp. (Israel and
Gonzalez 1996) but appears to be specific to coccolithophores since other mem-
bers of the haptophyte algae such as Isochrysis galbana are significantly photoin-
hibited at high light levels (Grima et al 1996).  E.huxleyi blooms are frequently
observed in shallow mixed waters and surface oceanic waters in high light condi-
tions where photoinhibition may limit the growth of other phytoplankton species
(Nanninga & Tyrrell 1996).  This suggests that calcification may serve a protec-
tive role under high light conditions, either by direct shielding of the underlying
cell from light or by providing a metabolic sink for excess reductant produced in
photosynthesis.  This would be particularly so at high light under limiting Ci
availability.  While these hypotheses have still not been tested rigorously, the lim-
ited available data does not support a photo-protective role.  Nanninga & Tyrrell
(1996) also showed that decalcified cells of a calcifying strain of E. huxleyi re-
mained resistant to photoinhibition indicating that coccoliths do not provide
shading against excess light levels.  In the same study, a non-calcifying strain of
E. huxleyi was also shown to be resistant to photoinhibition, suggesting that calci-
fication does not provide a metabolic protection against high light levels.  More
experiments monitoring photosynthesis in calcifying and non-calcifying cells at
high light levels under varying conditions of carbon availability may shed further
light on whether calcification serves any possible photo-protective role under
more extreme conditions.

5 Calcification and carbon acquisition

Photosynthesis by marine phytoplankton requires acquisition of Ci from sea-
water.  Ribulose bisphosphate carboxylase oxygenase (Rubisco) fixes Ci into or-
ganic carbon using CO2 as its substrate.  Rubisco possesses both carboxylase and
oxygenase activities and oxygenase activity can be significant in a high O2 envi-
ronment (Falkowski and Raven 1997).  The Rubisco specificity factor τ is a meas-
ure of the relative carboxylase/oxygenase activities.  Both τ and the affinity con-
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stant of Rubisco for CO2 (Km) vary considerably between species (Raven 1997
Tortell 2000) and Km may be significantly higher than the ambient seawater CO2

concentration.  Values of phytoplankton Km and τ have been related to decreases
in atmospheric pCO2 over geological time with a trend towards higher affinity for
CO2 and carboxylase activity with decreasing pCO2 levels since the appearance of
the green algae approximately 500 Myr ago (Tortell 2000).  The coccolithophores
appeared in the geological record approximately 200-250 Myr ago when seawater
CO2 levels were relatively low and have τ values intermediate between the more
ancient green algae and the more recent diatoms (Tortell 2000).

Species that rely on the diffusion of CO2 from seawater for photosynthesis may
potentially be limited by seawater CO2 availability (Riebesell et al. 1993) and a
number of unicellular algae appear to be able to elevate CO2 at the site of Rubisco
action in the chloroplast.  Indeed a negative correlation between Rubisco τ and
carbon concentrating factor (i.e. the ratio of measured intracellular Ci relative to
extracellular Ci concentration) has been reported (Tortell 2000).  Carbon concen-
trating mechanisms (CCMs) based on direct HCO3

- and/or CO 2 active transport at
the chloroplast or plasma membrane have been described for a number of marine
phytoplankton (Colman et al. 2002; Huertas et al. 2002; Matsuda et al. 1998,
2002; Morel et al. 2002).  These may also involve the action of external carbonic
anhydrase to facilitate the production of CO2 at the cell surface and/or chloroplast
carbonic anhydrase, which may facilitate CO2 production from HCO3

- in the chlo-
roplast (Raven 1997).

Calcifying coccolithophore cells can fix Ci into calcite at rates that are compa-
rable to the fixation of organic carbon (i.e. calcification/photosynthesis (C/P) ra-
tios close to unity).  Calcification thus clearly represents a major flux of Ci
through cells.  It seems reasonable to assume that this Ci flux may have a signifi-
cant impact on cellular carbon metabolism and photosynthesis. However, while
substantial data exisits showing interactions between calcification and photosyn-
thesis (Paasche 2001), the direct role of calcification in the acquisition of Ci is
now being questioned by some recent studies.

There is good evidence that HCO3
-  is the external Ci source for calcification in

coccolithophores (see Paasche 2001; Berry et al. 2002 for recent reviews).  H+

produced during the formation carbonate in the coccoclith vesicle (Fig. 2) may
potentially be used to enable CO2 production from Ci accumulated as HCO3

- in the
chloroplast. Calcification may therefore have provided an evolutionary advantage
to coccolithophores under conditions where CO2 availability may be limiting for
photosynthesis.  However, it is interesting to note that while coccolithophores
probably arose during a period of relatively low CO2 availability, they have per-
sisted through the geological past when seawater CO2 was significantly higher
than present (Tortell 2000; Paasche 2001).  This suggests that factors unrelated to
CO2 acquisition may have favoured the retention of coccolith production.  There is
evidence that E huxleyi is able to accumulate Ci approximately ten-fold above
ambient seawater levels (Sekino & Shirawa 1994) though other reports have indi-
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cated no accumulation in P. carterae (Israel and Gonzalez 1996) or E. huxleyi,
(Nimer and Merrett 1992).  Interestingly, the approximately 10-fold accumulation
of Ci shown by Sekino and Shirawa (1994) appeared not to be utilised by photo-
synthesis.  Photosynthesis appeared to depend on external CO2 availability while
calcification was shown to use HCO3

-.

Fig. 2. Simplified schemes showing alternative hypotheses for the fixation of Ci into calcite
and photosynthesis.  A. HCO3

- use by calcification results in the production of H+ while
photosynthesis can utilise either CO2 or HCO3

-.  HCO3
- use by photosynthesis results in net

alkalinzation, which may be offset by H+ produced during calcification.  B. H+ produced by
calcification are not utilised by photosynthesis or other H+-requiring processes.  Photosyn-
thesis uses CO2 primarily as the Ci cource.  In both cases photosynthesis provides the main
energy source for processes involved in calcification

The source of Ci for photosynthesis in coccolithophores is less clear.  Experi-
ments specifically designed to test the role of calcification in photosynthetic car-
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bon acquisition have yielded mixed results and there is evidence both for and
against a function of calcification in the direct facilitation of photosynthesis. The
frequently observed comparable molar rates of organic carbon fixation and calcite
production are consistent with a close functional relationship.  Moreover, the
overproduction and shedding of excess coccoliths by E. huxleyi (Paasche 1999)
suggests a role or roles in addition to a protective one.  While coccolithophores
possess chloroplast carbonic anhydrase (Nimer et al. 1994; Quiroga and Gonzalez
1993) they do not appear to possess external carbonic anhydrase (Nimer et al.
1994, 1999), suggesting that they lack a carbon concentrating mechanism based
on external conversion of HCO3

- to CO2 and active CO2 uptake.  However, El-
zenga et al (2000) have shown that presence or absence of external CA may be
strain-specific.  They provided evidence, based on 14C isotopic disequilibrium ex-
periments, for either external CA-catalysed conversion of HCO3

- to CO2 in some
strains of E. huxleyi or exclusive use of free CO2 in other strains.  Israel & Gon-
zalez (1996) showed with 14C tracer experiments that adequate supply of Ci to
photosynthesis required HCO3

- utilization by calcification in P. carteri.
Buitenhuis et al. (1999) provided evidence that photosynthesis in E. huxleyi at low
external Ci (HCO3

-) (<0.5 mM) was dependent on CO2 diffusion but that it was
saturated at relatively low [CO2] under these conditions.  However, increasing ex-
ternal [HCO3

-] above 0.5 mM was shown to increase photosynthesis dramatically
at saturating external CO2 concentrations.  In parallel, calcification was com-
pletely inhibited by [HCO3

-] < 0.5 mM.  While these results could be interpreted
in terms of the operation of a relatively low affinity HCO3

- transport system di-
rectly supplying HCO3

- for photosynthesis and calcification, they also suggest that
calcification could stimulate photosynthesis.  Explaining these results simply in
terms of CO2 supply to photosynthesis is difficult since there appears to be an ad-
ditional requirement for HCO3

- even at CO2 concentrations where photosynthesis
is saturated.  It is possible that calcification is able to supply a factor or factors that
can alleviate this saturation.

Measurements of stable carbon isotope discrimination indicate that E huxleyi
can accumulate Ci but that calcification is not used directly to supply photosynthe-
sis with carbon (Rost et al 2002).  In this detailed study the relationship between
specific growth rate µ, [CO2] and 13C/12C isotope fractionation of particulate or-
ganic carbon (POC) fixation εp deviated significantly from the theoretical inverse
relationship between εp and µ/[CO2] that would be expected for diffusive CO2 up-
take. Moreover, εp was more influenced by photon flux density (PFD) and light
regime, than by growth rate, showing higher discrimination under higher PFD and
photoperiod, indicating greater CO2 use under these conditions.  These results also
showed that increased C/P ratios gave rise to higher isotopic discrimination in or-
ganic carbon.  Since HCO3

- is more enriched in 13C than CO2 this indicated that di-
rect HCO3

- involvement in photosynthesis via calcification was not occurring.
The results were consistent, however with HCO3

- use for calcification, showing
less 13C enrichment in calcite compared with POC.
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The direct contribution of calcification to photosynthesis in E. huxleyi has also
been called into question by experiments that have directly inhibited calcification
by removal of Ca2+ from the growth medium (Herfort et al. 2002).  In these ex-
periments photosynthesis was shown to be unaffected by removal of Ca2+ whereas
calcification could be inhibited completely.  This is in agreement with earlier
studies by Paasche (1964) but contrasts with those of Nimer et al. (1996) who
showed that at relatively high external pH, Ca2+ removal had similar effects on
photosynthesis and calcification.  The difference between the results of Nimer et
al. and Paasche could at least be partially explained by the higher external medium
pH values used by Nimer et al where CO2 availability would be low.  Herford et
al. (2002) compared photosynthesis and calcification in calcifying cultures with
those that had been adapted to Ca2+-free conditions for several generations,
whereas Nimer et al  (1996) measured short term 14C fixation immediately after
Ca2+ removal.  It is possible that the adapted cultures of Herford et al. (2002) may
have changed their carbon acquisition strategy in response to long term Ca2+ re-
moval.  If this is so it indicates the presence of significant plasticity of coccolitho-
phores with respect to carbon acquisition mechanisms.  Surprisingly, the calcify-
ing cultures of Herfort et al (2002) showed 14C C/P ratios approaching values of
2.0.  The results of Herford et al (2002) were, however compatible with those re-
cently obtained with the coral species Stylophora pistillata (Gattuso et al. 2000)
where it was shown that Ca2+ removal did not affect photosynthesis.  The experi-
ments of Herford et al. (2002) also indicated that Ci uptake was biphasic and sen-
sitive to the anion transport inhibitors DIDS and SITS.  At low (< 0.5 mM) Ci, the
operation of a high affinity transporter was suggested by measurements of 14C up-
take and O2 evolution.  However, in sharp contrast with the results of Buitenhuis
et al. (1998; see above), Herford et al. (2002) showed that photosynthesis was
higher at 0.25 and 0.5 mM Ci than at 1.0 mM Ci in the external medium.  Clearly
more work is required to resolve these issues.

It has been proposed that if calcification serves to reduce the energetic cost of
carbon acquisition then the cost of calcification should be itself minimal (Anning
et al. 1996; Berry et al. 2002).  Analysis of transport costs has indicated that calci-
fication could require only a small percentage of total energy costs of carbon ac-
quisition if Ca2+ can enter the coccolith vesicle by a route that does not involve
significant diffusion of free Ca2+ though the cytoplasm (Anning et al. 1996; Berry
et al. 2002).  However, the costs of calcification are not confined to those involved
in the trans-membrane transport of reactants and products.  Significant biochemi-
cal costs may be incurred, for example in the Golgi-localised production of coc-
colith-associated polysaccharides that appear to be involved in regulation of calci-
fication in the coccolith vesicle (Marsh 1994, 1996; van Emburg et al. 1986).  A
detailed biochemical analysis of the structure, turnover and Ca2+-binding properties
of the major coccolith-associated polysaccharides in P. carterae allows an esti-
mate to be made of the costs associated with their production.  Marsh (1994, 1996)
showed that the major Ca2+-binding polyanion polysaccharides of P. carteri were
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not recycled.  Instead, all of the 14C-labelled polyanions in pulse-chase experi-
ments were secreted during calcification.  Isolated coccoliths contain approx 6
moles of Ca2+ per mole of polyanion carboxyl group (Marsh 1994, 1996). In P.
carterae the major calcification-associated polysaccharide (PS-2) has a car-
bon/COOH ratio of approximately 3.0 (Marsh 1994, 1996).  If PS-2 is involved in
Ca2+ delivery to the site of calcification without any turnover and if all precipitated
Ca2+ were transported to the coccolith in polyanion complexes, then 3 moles of
carbon would be fixed into polysaccharide and secreted for every 6 moles of Ca2+

fixed into calcite.  For a coccolith cell with a C/P ratio of 1.0 this means that up to
50% of total organic carbon fixation may be required for production of coccolith-
associated polysaccharides.  This represents a significant energetic cost, larger in
fact than the combined energy calculated for Ci and Ca2+ transport (Brownlee et al
1994; Anning et al 1995).  Clearly this does not argue strongly for a cost-saving
energetic role for calcification.  In contrast, however, Nanninga et al (1996), using
an immunochemical assay for soluble secreted polysaccharides of E. huxleyi
showed that these probably represented only a small fraction of total primary pro-
duction.

6 Cellular Ca2+ transport and Sr/Ca ratios in the fossil record.

Sr/Ca ratios of calcite in the fossil record have been proposed as useful climate
proxies (e.g. Stoll et al. 2002; see Chapter XX) and have been shown to correlate
with temperature and growth rate in cultures (Stoll et al. 2002).  In abiogenic cal-
cification, higher calcification rates produce higher calcite Sr/Ca ratios (Stoll et al.
2002, see Chapter XX).  Kinetic effects on Sr/Ca ratios would dominate in an
open system where the rate of supply of ions exceeded the rate of calcite precipi-
tated (Stoll et al, 2003).  Measurements from coccoliths suggest that high observed
Sr/Ca ratios could not be explained by the kinetics expected from an open pre-
cipitation system.  Instead they could only be explained either by surface enrich-
ment of Sr2+ at the site of calcification or precipitation from a fluid with a Sr/Ca
ratio approximately twice that of seawater (see Chapter XX).  Cellular control of
Sr/Ca ratios would dominate if the cell behaved as a closed system with respect to
calcification i.e. if most or all of Sr2+ and Ca2+ taken up by the cell crossed the
plasma membrane was used in calcification without large recycling fluxes across
the plasma membrane.  Rickaby et al (2002) have proposed that reduced selectiv-
ity of transporters for Sr2+ relative to Ca2+ may explain the observed Sr2+ enrich-
ment in coccolith calcite.  A complete understanding of the transport pathway for
Ca2+ to the coccolith vesicle will be critical for further analysis of this problem.

Berry et al. (2002) discussed the possible role of endocytotic, vesicle-mediated
influx of Ca2+ to the site of calcification.  Significant recycling of plasma mem-
brane occurs in calcifying cells, providing a potential pathway for Ca2+ entry.
However, direct attempts in our laboratory to demonstrate the existence of a fluid-
phase endocytotic uptake system in coccolithophores have so far been unsuccess-
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ful.  Ca2+ entry into calcifying coccolithophores is thus more likely to occur via
Ca2+ -permeable channels in the plasma membrane.

Consideration of the possible selectivity filters represented by putative mem-
brane channels and pumps likely to be involved in Ca2+ delivery to the coccolith
vesicle and cellular Ca2+ homeostasis suggests that relative transport efficiencies
of Sr2+ and Ca 2+ may vary considerably with the type of transporter under consid-
eration.  In most eukaryotic cells Ca2+ entry occurs down its electrochemical po-
tential gradient through Ca2+ -permeable or Ca2+ -selective channels (Fig. 3).

Fig. 3. Potential selectivity filters for Ca2+ and Sr2+transport to the coccolith vesicle.  1. En-
try into the cytosol through plasma membrane Ca2+-permeable channels. 2. Extrusion via
Ca2+-ATPase efflux pumps. 3. Entry into the endoplsmic reticulum (ER) through ER Ca2+-
ATPase. 4. Selective binding to Ca2+-binding proteins in the ER. 5.  Ca2+ transport into the
Golgi driven by the H+ electrochemical gradient across the Golgi membrane. 6. Selective
binding to Ca2+ -binding polysaccharides in the Golgi. 7. Kinetic effects during precipita-
tion of CaCO3 in the coccolith vesicle (CV)
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Significant variability in relative permeability to Sr2+ and Ca2+ exists for animal
Ca2+ channels.  For example, currents through Ca2+-permeable channels in jellyfish
striated muscle cells show higher permeation of Ca2+ compared with Ba2+ or Sr2+

(Lin and Spencer 2001).  In contrast, the relative permeability to Ca2+, Ba2+ or Sr2+

of cloned alpha subunits of Ca2+ channels varies with the subunit type, showing
higher permeability to Ba2+ or Sr2+ than to Ca2+  (Bourinet et al. 1996).  The per-
meation properties of plant Ca2+ channels have been considerably less well stud-
ied.  However, the few plant Ca2+-permeable channels that have been studied to
date have shown higher permeability to Ba2+ than to Ca2+ (e.g. Very and Davies
2000).  Given the phylogenetic distance between haptophyte algae and higher
plants, a plant-based comparison of Ca2+ channel properties is unlikely to be very
revealing.  The above examples suggest that channel-mediated entry of Ca2+ into
the coccolithophore cell may have a significant influence on the Sr/Ca ratio of the
calcifying fluid.  So far, we know little about the plasma membrane properties of
coccolithophores, let alone the types of Ca2+ channel present.

Further analysis of the likely transport pathways and mechanisms of Ca2+ ho-
meostasis in coccolithophores should indicate the nature of any further selectivity
filters for Sr2+ and Ca2+ transport and should allow the consideration of whether
coccolithophore calcification occurs in a predominantly closed or open system.
Rickaby et al. (2002) have proposed that a rate-dependent discrimination against
the larger ion (Sr2+) may explain the higher Sr/Ca ratios at higher growth rates.
This could occur both via a pump or channel-mediated transport.  Thus, stronger
non-covalent binding of Ca2+ by a transport molecule and more efficient transport
at lower ion concentrations was proposed.  At higher rates of transport or higher
concentrations of substrate molecules, Sr2+ transport would increase proportion-
ately more than Ca2+ transport leading to increased Sr/Ca ratios.  In a similar man-
ner, binding site selectivity for Ca2+ against Sr 2+ of a putative Ca channel may be-
come lower at higher transport rates.  The simplest model for Ca2+ transport during
calcification involves channel-mediated influx of Ca2+ into the cytosol across the
plasma membrane followed by accumulation into the Golgi.  While there are rea-
sons to suppose that this simple pathway is unlikely (see below), Ca2+ accumula-
tion across the Golgi/CV membrane and the affinity of cytoplasmic buffers for
Sr2+ or Ca2+ may potentially influence the Sr/Ca ratio of the precipitation fluid.
Ca2+ accumulation into the Golgi of eukaryotic cells occurs by H+/Ca2+ exchange
driven by the (inside acidic) H+ electrochemical gradient across the Golgi mem-
brane which in turn is generated by V-type ATPases in eukaryotic cells (Harvey
1992).  While it is very likely that such a ubiquitous transport mechanism exists in
coccolithophores, its involvement in calcification is unknown.  Ca2+ fluxes in this
simple model are likely to be significantly influenced by the activity of Ca 2+ efflux
pumps both on the plasma membrane and endomembranes (Fig. 3).  The slower
dynamics of changes in Sr2+ compared with Ca2+ in the cytoplasm following the
activation of Ca2+ channels in Purkinje cell synapses has been interpreted as in-
dicative of increased channel permeability to Sr2+ and reduced efficiency of Sr2+

extrusion from the cytosol together with lower affinity of endogenous cellular
buffers for Sr2+ (Xu-Friedman and Regehr 1999).  By analogy, Sr/Ca ratios in coc-
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coliths are likely to be influenced by a suite of different transporters and buffers.
Addressing and quantifying these problems in coccolithophores will not be easy.
It must be borne in mind that experiments to investigate the physiological dis-
crimination between Sr2+ and Ca2+ normally require Sr2+ concentrations that are
non-physiological, i.e. much higher than those found in seawater. Full characteri-
sation of the dominant pathways delivering Ca2+ to the coccolith vesicle and
maintaining Ca2+ homeostasis will require a combination of biochemical, molecu-
lar and biophysical approaches.

7 Approaches to Ca2+ transport

Application of the patch clamp technique to the coccolithophore plasma mem-
brane may provide some insights into the major Ca2+ influx pathway.  Our studies
with the larger coccolithophore C. pelagicus are beginning to reveal the potential
Ca2+ influx pathways at the plasma membrane (Fig. 4).  The main ionic conduc-
tance in the plasma membrane has recently been shown to be an inwardly rectify-
ing anion conductance that mediates Cl- efflux (Taylor and Brownlee 2003).  Its
role appears to be in the maintenance and regulation of the membrane potential
and it is tempting to speculate that this major conductance may be involved in
charge balancing associated with HCO3

- uptake (Taylor & Brownlee 2003).  We
have also identified two potential Ca2+ influx pathways that require further char-
acterization (Taylor & Brownlee 2003; Fig. 4).

Plasma membrane efflux pumps may immediately extrude Ca2+ entering the
cell across the plasma membrane or Ca2+ may be rapidly sequestered into en-
domembrane compartments.  Our hypothesis for the trans-cellular transport of
Ca2+ in coccolithophores proposes that the immediate fate of the bulk of Ca2+ en-
tering the cell is the endoplasmic reticulum (ER) (Berry et al. 2002).  Ca2+ could
subsequently be transported at high concentration to the CV via the normal mem-
brane cycling processes between the ER and Golgi (see Fig. 1).  Indeed the ER has
been shown to accumulate Ba2+ added as a maker for Ca2+ uptake in C. pelagicus
(Berry et al 2002).  This would mean that calcification was occurring as a pre-
dominantly closed system in the coccolithophore cell.  Moreover, such a mecha-
nism would alleviate the kinetic problems associated with diffusion of sufficient
Ca2+ across the cytosol which maintains a very low free Ca2+ concentration in all
eukaryotes, including coccolithophres (Sanders et al. 2002; Brownlee et al. 1995).
Finally, it would reduce the uphill, energy-requiring transport of Ca2+ into the
Golgi/CV.  The location of ER around the periphery of the cell and its close asso-
ciation with the Golgi and reticular body appears to be a common feature of coc-
colithophores (Manton and Leedale 1969; Hori and Green 1985).  Work is in pro-
gress to further elucidate the involvement of this pathway.
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Fig. 4. Summary of the major ion conductances in the plasma membrane of Coccolithus
pelagicus. A) Cartoon illustrating ion channels characterised in whole cell patch clamp re-
cordings illustrated in (B). Experiments monitoring voltage changes in response to constant
applied currents (current clamp) show that membrane potential (Vm) is highly sensitive to
the gradient of Cl- across the membrane. In voltage clamp experiments, a large Cl- conduc-
tance was shown to underlie this Cl- sensitivity. The Cl- current is present in all cells and
appears to act as a classic inward rectifier. Up to three Ca2+-permeable cation channels ap-
pear to be present in the plasma membrane. Membrane depolarisation activates two currents
with a reversal potential more positive than the K+ equilibrium potential (EK

+) indicating a
significant Ca2+ permeability. Furthermore, many cells exhibit a Ca2+-dependent action po-
tential, which is stimulated by membrane depolarisation. B) Current voltage curve of a
Coccolithus pelagicus cell generated by ramping the membrane voltage from –160 mV to +
180 mV over 2 seconds. The large inward current at negative voltage is the Cl - inward recti-
fier. The small inward current between – 40 and + 40 mV is generated by the activation of
low potential Ca2+-permeable cation channels, and non-selective cation channels underpin
the large outward current observed by voltages above + 40 mV (Taylor and Brownlee
2003).

8 Concluding remarks.

There are several outstanding questions relating to the mechanism and function
of calcification in coccolithophores.  The sources of Ci for photosynthesis and the
mechanisms of carbon transport are perhaps the most fundamental of these ques-
tions.  Conflicting issues on whether calcification can, under certain conditions fa-
cilitate photosynthesis or serve some other metabolic function also need to be re-
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solved.  Strain and species variability and likely physiological adaptation and
plasticity under the wide range of experimental conditions used in past experi-
ments may have clouded rather than clarified our understanding of these proc-
esses.  However, it remains important that common functions and mechanisms of
calcification can be shown for different strains and species.  Can we use the vari-
ability of the wide range of coccolithophore isolates in culture to identify the dif-
ferences in different strains and clones at a molecular level that give rise to the dif-
ferences in physiology?

The advent of molecular and more recently the potential of genomics ap-
proaches will greatly improve the prospects of determining the roles and mecha-
nisms of calcification.  Cloning of transporters genes likely to be involved in calci-
fication (Corstjens et al 2001) is the first step towards their functional
characterization.  Future progress will depend on the development of toolkits al-
lowing systematic knockout or mis-expression of genes of interest.  The applica-
tion of genomics techniques, including genome sequenceing, miroarrays and de-
velopment of expressed seqeuence tag databases (ESTs) together with reporter
gene technologies should provide the framework for detailed cellular studies.  The
recent demonstration that E. huxleyi can be induced to switch from haploid non-
calcifying S-cell stages to diploid calcifying C-cells in culture (Laguna et al 2001)
opens opportunities for subtractive genomic or proteomic approaches applied to
genetically identical calcifying or non-calcifying cells.  It appears that coccolitho-
phore cell biology is still in its infancy.
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