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The functional group of coccolithophores consists of calcifying eukaryotic unicellular phytoplankton that produces minuscule CaCO3 structures, named coccoliths, surrounding the cell, and forming a coccosphere. Coccolithophores occupy an important role in carbon cycling dynamics over short and geological time scales due to the process of calcification fuelled by photosynthetic energy. The precipitation of CaCO3 in the euphotic zone, the subsequent vertical export, and ballast effect for organic matter can significantly influence the exchange of carbon dioxide between the surface ocean and the atmosphere (Sanders et al., 2010). The sediment record of coccoliths dates back to the Late Triassic (Bown et al., 2004), and the geochemical composition of coccoliths offers a potential paleoproxy to reconstruct past environmental conditions (Hermoso, 2014; McClelland et al., 2017; Müller et al., 2018).

Since the discovery that coccoliths are of biological origin (Sorby, 1861), the general understanding of coccolithophore calcification has substantially increased and the underlying calcium carbonate precipitation kinetics and the cellular mechanisms involved have been partly revealed (e.g., Mackinder et al., 2011; Mejía et al., 2018). Coccolithophores demonstrate a diverse range of trophic modes (auto-, hetero-, and mixotrophic) and have a haploid-diploid life cycle with asexual reproduction present in both life cycle stages (von Dassow and Montresor, 2011; Thomsen and Østergaard, 2015). The coccoliths precipitated in the haploid and diploid phase have distinct morphologic and crystallographic features and have been categorized in holo- and heterococcoliths, respectively (Young and Henriksen, 2003). While the majority of the approximately 200 coccolithophore species bear distinct CaCO3 structures in both life cycle stages, molecular data, environmental surveys, and culture studies revealed cases of non-calcifying, partly calcifying, and heterogeneously calcifying coccolithophore cells (e.g., de Vargas et al., 2007). Over the past two decades, the process of calcification in coccolithophores has received increased attention due to ongoing anthropogenic ocean acidification and the associated elevated energy demand for marine calcifiers to build their CaCO3 structures (e.g., Hofmann et al., 2010). The overall conducted research has led to an impressive set of literature and a series of reviews are available covering various aspects of coccolithophore biology and ecology (e.g., Paasche, 2001; Brownlee et al., 2015; Taylor et al., 2017; Balch, 2018).

One main challenge in coccolithophore evolution and ecology is to understand the possible functions and benefits of intracellular calcium carbonate precipitation. Several hypotheses have been put forward to explain the cellular benefits and the resulting competitive ecological advantages of coccolith production. The proposed hypotheses suppose protective functions against grazing, intense solar/UV radiation, virus attacks, and benefits for photosynthesis due to light bundling or carbon concentrating mechanism (see for example Young, 1994; Raven and Crawfurd, 2012; Monteiro et al., 2016). The increasing diversity of possible functions is clearly beneficial for the scientific community, incentivizing discussion, and experimental assessment. However, up to date none of the proposed hypothesis has been supported by sufficient and consistent evidence to be developed into an accepted scientific concept. The majority of hypotheses is discussing benefits of coccolithophore calcification regarding modern ocean chemistry and ecological settings. The appearance of fossil coccoliths, however, dates back to about 225 Ma (Bown et al., 2004) under quite different environmental settings. Here, I would like to illustrate the necessity to differentiate possible functions and benefits of CaCO3 precipitation under modern ecological settings from the historical benefits at the time of genesis and development.

Recently, Monteiro et al. (2016) revisited and critically assessed several hypotheses of coccolithophore calcification, modeling their energetic costs, and ecological benefits. The authors concluded that (1) the energy demanding process of calcification presumably evolved initially to reduce grazing pressure and (2) additional benefits of calcification contributed to the diversification of coccolithophore morphology and ecological niche habitats. A protective function of a coccosphere to reduce grazing pressure can act in several ways: (a) creating a physical barrier that protects against predators' feeding tubes (peduncles) and subsequent myzocytosis, (b) preventing/reducing grazer ingestion and/or phagocytosis by extended CaCO3 structures, (c) reducing the nutritional benefits gained in comparison to non-calcified phytoplankton species, and (d) causing an indirect predator poisoning by elevated concentrations of internal dissociated calcium due to the consumption of high CaCO3 to organic matter ratios (Harvey et al., 2015). The first two mechanisms directly reduce the active grazing pressure, while the latter two forms induce a positive feedback for coccolithophore populations due to reduced fitness/reproduction of the grazing population. The highest efficiencies of these mechanisms are achieved when the surrounding coccosphere is completed and/or sufficient CaCO3 has been accumulated in relation to organic matter.

It is reasonable to assume that the evolutionary development of a coccosphere was not an instant but a stepwise cumulative process, relying on random mutations, genetic drift, evolutionary/environmental constraints, and natural selection. One pre-requisite of intracellular calcification is the accumulation of Ca2+ and [image: image] in a defined space to induce precipitation of calcium carbonate. The biological control of intracellular precipitation is vital as uncontrolled inorganic crystal growth can lead to rupture of biomembranes and ultimately to cell death. The transport to and the accumulation of ions at the site of precipitation in conjunction with the physiological precipitation control of the carbonate crystal can be determined as the first essentials for intracellular coccolith genesis and development. These seemingly simple requisites involve the development of a successful interplay of cellular biochemistry, such as the presence of specialized ion transport/pumping mechanism and the production and distribution of organic compounds capable to direct and/or inhibit crystal growth. These intermediate evolutionary first steps of intracellular calcification have been likely developed over a significant time frame and were subject to natural selection. Hypothetically, molecular data suggest that the ability of coccolithophores to calcify evolved well before the first record of fossil coccoliths (Liu et al., 2010) which seems a logical prerequisite. The detection of fossil evidence to prove intermediate evolutionary steps is presumably not trivial because of (1) the lack of well-preserved pelagic sediments older than 150 Ma (Bown et al., 2004) and (2) a low preservation of coccoliths in the deep ocean. Furthermore, it is feasible that coccolith precursors were derived from amorphous calcium carbonate phases which avoids certain limitations induced by the crystallographic dependent orientation or anisotropy of CaCO3 and allows to shape and to direct the mineral phase in an early stage of evolutionary development (Addadi et al., 2003). Amorphous calcium carbonates, however, are easily overlooked in fossil samples due to their low birefringence or double refraction in comparison to calcite, complicating an easy detection in fossil samples.

The intermediate evolutionary first steps of intracellular calcium carbonate precipitation, such as amorphous calcium carbonates and basic developed coccoliths, likely resulted in incomplete CaCO3 cell cover and a low calcium carbonate to organic carbon ratio. This implies that a protective function was not achieved at the initiation of the calcification process and coccolith genesis. Therefore, the explanation that calcification evolved initially as a protective function or to reduce grazing pressure seems to be goal directed or teleological. This is problematic because it suggests a backwards causality, moving from the future to the past, and describing the appearance or initiation of calcification to be caused by an end function of coccoliths. Therefore, we need to consider the possibility that the historical genesis of calcification in coccolithophores served a quite different function and benefits compared to modern ecological settings. Such an evolutionary feature has been coined exaptation, a trait that now enhances fitness but was not shaped by natural selection because of its current function (Gould and Vrba, 1982). This opens the opportunity to separate possible benefits of coccolithophore calcification into two groups: (1) its end-benefits depending on the prevailing ecological settings and (2) its historical benefits at the time of the stepwise development of intracellular calcification and the genesis of coccoliths. For the latter case, the evolutionary benefits subject to natural selection must be associated with the biochemical process of calcification and not with the final end-product, namely the coccolith or the complete coccosphere.

Two hypotheses have been proposed addressing biochemical benefits of intracellular calcium fixation into the biological inert form of CaCO3: (1) avoiding intracellular precipitation of HPO4 or phosphate esters (Raven and Crawfurd, 2012) and (2) maintaining cellular calcium homeostasis and avoiding toxic intracellular Ca2+ concentrations (Kazmierczak et al., 2013; Müller et al., 2015). These two mechanisms theoretically provide cellular benefits with the first calcium ion precipitated by avoiding precipitation of intracellular phosphate, a nutrient necessary for growth and organic matter production, or by regulating cytosol Ca2+ homeostasis, respectively. In distinction to other hypotheses, these two propositions focus on benefits gained by the process of calcification and not by the final end product. Thus, the final structure or morphological diversity of coccoliths is of secondary importance in this context. First experimental evidence suggests that the ability to calcify provides an efficient mechanism for intracellular Ca2+ detoxification which would be of advantage at geological times of elevated seawater Ca2+ concentrations (e.g., Cretaceous and Jurassic) in comparison to the relatively low modern oceanic concentration (Müller et al., 2015).

The highly ornate physical structures of coccoliths are impressive and it is puzzling how and why they have evolved in this diversity. In the light of adaptive evolution and natural selection, the high diversity of coccoliths, as seen in the sediment record and the modern ocean, can be partly explained by small differences in physicochemical conditions, environmental forcing, and associated organic matrices during the historical genesis of calcification. Small environmental differences during stepwise evolution of intracellular calcification could have led to considerable differences in the evolutionary downstream development, resulting in a high morphological diversity. In fact, amorphous calcium structures, as for example found in cyanobacteria (Couradeau et al., 2012) and recently in coccolithophores (Sviben et al., 2016), can be easily influenced in their crystallization patterns by altered physicochemical conditions (Kellermeier et al., 2010). It is reasonable to assume that the organic compounds and matrices involved in regulating crystal growth (e.g., Gal et al., 2016) have been modified, corrected, and reorganized multiple times with independent origins depending on environmental forcing and constraints. Indeed, different and species specific polysaccharides have been identified to be involved in regulating CaCO3 precipitation, growth, and organization (De Jong et al., 1976; Corstjens et al., 1998; Walker et al., 2018a). If the diversity of the organic machinery involved in coccolithogenesis can be related to crystallographic (aragonite and calcite) and structural differences (nannoliths, holo- and heterococcoliths) remains to be tested. Here, I purpose to classify the diverse hypotheses addressing the function of coccolithophore calcification into two groups: (1) benefits due to the calcification process and (2) secondary benefits of the completed end-product (Table 1). The combination of these possible benefits and functions has presumably secured this cellular biomineralization mechanism through diverse ecological and physicochemical settings over the geological past.


Table 1. Two categories of calcification-hypotheses addressing the possible functions and benefits of biomineralization in coccolithophores.
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In a recent study, Walker et al. (2018b) demonstrated in laboratory experiments, where grazing and other unfavorable environmental conditions were excluded, that the process of calcification is an important physiological trait whose disturbance can result in diminished cellular replication/growth rates of Coccolithus braarudii. Emiliania huxleyi, on the other hand, did not demonstrated decreased growth rates when the process of calcification was artificially reduced. These results clearly demonstrate that the benefits of calcification in coccolithophores can be species specific and thus care needs to be taken when testing hypothesis on only one coccolithophore species. Future endeavors and research on coccolithophore biomineralization should take into account the differentiation between (1) the biological end functions that can be assigned to calcification under various ecological settings (e.g., low light conditions, grazing pressure, UV-radiation, etc.) and (2) the process benefits of biomineralization genesis and development. An increasing number of hypotheses will certainly broaden our horizons to develop new and strong concepts regarding intracellular calcification of phytoplankton. On a broader context, the differentiation between process benefits of biocalcification and its secondary functions is a valuable line of thought to discuss and to explain the onset and evolution of biomineralization throughout Earth history. For example, the rise in Ca2+ concentrations in the shelf sea at the Precambrian/Cambrian boundary has been related to Ca2+ detoxification, regulation, and the subsequent development of calcareous structures in protists and invertebrates (Simkiss, 1977; Kazmierczak et al., 2013). However, it should be stressed that biocalcification is only one out of many possible mechanisms to regulate intracellular Ca2+ concentrations and that the biochemical “end-product” encounters natural selection and a diverse array of evolutionary pressures which ultimately results in adaptive evolution. I hope that my thoughts expressed here will encourage students and researchers to develop projects addressing these peculiar, urgent, and basic issues of coccolithophore biology.
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