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INTRODUCTION

When mineral nucleation and growth are controlled by an or-
ganic system, the composition, morphology, and crystallographic 
orientation can be regulated to biomineralize crystals very dif-
ferent from those known in inorganic mineralogy. Biominerals 
include both incredibly complex single crystals, such as those that 
make up sea urchin shells, and compound mineral-matrix materi-
als, such as nacre. In nacre, the interlayered aragonite crystals 
and polysaccharide/protein sheets have a fracture resistance 3000 
times that of inorganic aragonite crystals alone (Currey 1977; 
Smith et al. 1999). Such intriguing and attractive functional prop-
erties of biominerals have led to much scientiÞ c effort directed 
at understanding biomineralization mechanisms, with the goal of 
reproducing them to construct biomimetic materials (e.g., Mann 
1993; Aizenberg et al. 1999; Raz et al. 2000; Donners et al. 2002; 
Park and Meldrum 2002; Cölfen 2003). In all biomineralization 
systems, the interplay between organic and inorganic components 
is the key to advanced crystal regulation.

Coccoliths are an example of highly regulated biominer-
alization at a very small scale. They are calcite platelets only 
a few micrometers across, produced by unicellular planktonic 
algae (haptophytes) to form cell coverings. As these algae die, 
a steady �pelagic rain� of coccoliths accumulates on the sea 

ß oor to form the calcareous oozes that eventually become 
chalk. Coccoliths are formed inside the algae in intracellular 
vesicles and then transported to the exterior of the cell, where 
several them interlock to form a �coccosphere� around it (Fig. 
1). Typical coccoliths are double disks, connected by a central 
tube, and consist of several radially arranged calcite crystals of 
complex morphology. Although the overall shape of the calcite 
crystals may be far removed from the minimum free energy form, 
the {101�4} rhomb, coccolith design still incorporates rhombic 
faces and directions (Henriksen et al. 2003). A combination 
of inorganic growth mechanisms, spatial constraints imposed 
by the vesicle in which coccoliths grow, and interaction with 
functional organic molecules, is thought to give rise to the Þ nal 
crystal morphology (Young and Henriksen 2003; Young et al. 
2004; Young et al. 1999).

Emiliania huxleyi (Fig. 1) is one of the best-studied coc-
colithophore species. In geological terms, it is relatively young 
(220 ka), but its wide ecological tolerance and fast reproductivity 
have made it the dominant species in the modern ocean. The same 
characteristics make it an easy organism to maintain in labora-
tory cultures. E. huxleyi coccoliths are composed of crystals 
with approximately radial c-axes (R-units, Young et al. 1992) 
forming both the upper and lower shields and the central tube 
(Fig. 1). The distal (upper) shield is characterized by elements 
that have slits between them and resemble spokes on a wheel. * E-mail: khenriksen@geol.ku.dk
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ABSTRACT

Calcite crystals grown by organisms can be elaborate and enigmatic. One of the best examples is 
the tiny calcite shields known as coccoliths that are produced by unicellular algae. Coccoliths consist 
of interlocking single crystals of highly modiÞ ed morphology, and complex organic molecules called 
CAPs (coccolith associated polysaccharides) are known to be intimately associated with their forma-
tion. Here, we show how a CAP can regulate crystal morphology to enhance precipitation of speciÞ c 
faces, a crucial aspect of the biomineralization process.

Using atomic force microscopy (AFM), we investigated the interaction of CAP from the species 
Emiliania huxleyi with the calcite surface during dissolution, precipitation, and dynamic equilibrium. 
We were able to see the polysaccharide adsorbed to the surface and observe its impact on mineral 
behavior. These experiments demonstrate that CAP preferentially interacts with surface sites deÞ ned 
by acute, rather than obtuse, angles and blocks acute sites during dissolution and growth. Therefore, 
CAP makes the calcite face that is most stable in the pure system, {101�4}, extend preferentially on 
the obtuse edges, promoting development of faces with lower angles to c-axis. AFM images of E. 
huxleyi at micrometer and atomic scales established that this is precisely the type of faces that deÞ ne 
the morphology of the coccolith crystals. Therefore, we propose that crystal shape regulation by CAP 
is a fundamental aspect of coccolith biomineralization, and that preferential growth inhibition by site-
speciÞ c functional groups is the mechanism causing CAP functionality.




